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The LHCb experiment is one of the four experiments that are installed at the proton-
proton Large Hadron Collider (LHC) at CERN, Geneva. The experiment is at the
latest stage of its setting-up. The first collisions at high energy in LHC are planned to
mid-2008, with the first results on the experiments soon after. The LHCb detector is
a single-arm spectrometer conceived to pursue an extensive study of CP violation in
the B meson system, over-constraining the Standard Model predictions and looking
for any possible effect beyond this theory, and to look for rare phenomena in the b
quark sector with very high precision.
The subject of the present work is the study of the non-leptonic B meson de-
cays into charged charmless two-body final states. This class of decays has been
extensively studied and it is still matter of great interest at the B-factories and
at Tevatron. In fact the current knowledge of this class of decays in the Bd/Bu
sector starts to be quite constrained, but the Bs still remains a field where a rich
programme of physics can be pursued. The interest on this class of B meson decays
lies in the presence of several loop dominated modes that makes the phenomenology
of such processes an ideal ground for increasing our knowledge of CP violation, con-
straining the Standard Model prediction and possibly detect new physics effects. In
addition this class of processes is a very rich source of information for understanding
B decays, since all the diagram topologies enter in their amplitudes. LHCb, thanks
to the large beauty production cross section at the LHC expected around 500 µb,
and to excellent vertexing and triggering capabilities, will be able to collect a large
sample of non-leptonic charmless charged two-body B meson decays, of order of 200k
per 2 fb−1 of integrated luminosity, corresponding to about one year of data taking.
Furthermore its particle identification system, composed in particular by two RICH
detectors, but also by calorimeter and muon systems, will allow to disentangle the
variuos B0(s) → h+h′− modes with a high purity as well as high efficiency.
In this study the non-leptonic B meson decays into charged charmless two-body





and AmixKK . The BABAR and Belle experiments have already provided measurements
1
of the Bd → π+π− asymmetries, but at the moment their estimations are only weakly
compatible and it is not yet possible to draw a definitive conclusion. On the other
hand, as far as the Bs → K+K− asymmetries are concerned, they have not yet
been measured. LHCb will provide very important information about these CP
asymmetries even after few months of data taking. In the present study for the first
time in LHCb the whole procedure to measure the CP asymmetries in the Bd →
π+π− and Bs → K+K− decays have been performed on Monte Carlo events from
the full GEANT simulation, generated with CP violation and reconstructed using
realistic pattern recongnition algorithms, rather than on events generated with fast
“toy” Monte Carlos.
This dissertation is organised in five chapters. In the first one the physics frame-
work of the processes considered will be given, focusing in particular on the motiva-
tions for their study. In the second chapter an overview of the LHCb detector design
will be given, starting from the LHC proton-proton collider and going on with the
description of each LHCb sub-detector and its performaces. In the third chapter
the LHCb computing framerwork and the main tools of analysis, such as the track
reconstruction, the particle identification and the tagging, will be briefly described.
After that the procedure for the event selection will be discussed in depth. The
tagging performances will be evaluated, the different background contributions will
be estimated and the experimental resolutions obtained will be analyzed. In the
fourth chapter the strategy to measure the CP asymmetries will be presented: an
unbinned maximum likelihood fit to the sample of the selected and tagged events.
The results obtained will be presented and the proper time modelization will be
discussed. In the fifth chapter the different sources of background events will be




Physical motivations for studing
charged charmless two-body B
decays
In this chapter the basic concepts and formalism of CP violation in the framework
of the Standard Model (SM) are given. The SM rose in the 70s as a unified theory
describing all the fundamental interactions but the gravity. It includes the electro-
dynamics, the Glashow-Weinberg-Salam theory of electroweak interactions and the
quantum-chromodynamics [1] [2] [3]. Many experiments to test this theory were
conceived since its dawn. Today there are still many experiments designed to verify
the predictions of the thoery and to look for effects beyond it.
The violation of the CP symmetry is one of the SM most interesting phenomena
that are waiting to be fully understood. Until the 50s, all the physical processes
were believed to be invariant under discrete symmetries (Parity P, Charge Conjuga-
tion C and Time Reversal T ). Then in 1956 Lee and Yang [4] guessed that Parity
was not an invariance of the weak interactions. Such an hypothesis was confirmed
experimentally by C. S. Wu [5], who demonstrated that also Charge Conjugation
was not conserved in weak interactions. Afterwards also the CP symmetry breaking
was observed in the neutral K meson system [6]. In 2001 CP violation was observed
in neutral B meson decays [7] [8] too. The amount of the breaking is still matter of
investigation. In fact, despite those discoveries, we still have an incomplete insight
into CP violation that is a key issue for the field theory (based on CPT invariance)
and for the physical cosmology (baryogenesis theories) [9].
The LHCb experiment has been conceived to study CP violation within the
b sector and to look for other rare b-meson decays with very high precision. In
fact the b sector provides deep insights into the flavour structure of the electroweak
3
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interaction enabling to constraint (and over-constraint) the SM description of CP
violation and to look thus for New Physics. In fact CP violation is expected in
a large variety of b-hadron decays, sometimes with a very small influence from the
strong interaction, thus permitting theoretically clean measurements of CP violation
parameters.
The subject of this thesis is the study of the charged charmless decays of B
mesons into two-body modes. That class of decays has been extensively studied
and is still matter of great interest at the B-factories and at Tevatron. The current
knowledge in the Bd/Bu sector starts to be quite constrained, but the Bs sector
still remains a field where a rich programme of physics can be pursued. In the last
part of this chapter the formalism to go over such decays will be introduced and the
opportunities to exploit such processes to make interesting CP measurements will
be presented.
1.1 The Standard Model and CP violation
The Standard Model is the theory that describes electromagnetic, weak and strong
interactions in terms of gauge theories and a set of elementary particles; in detail:











and the corresponding anti-leptons











and the corresponding anti-quarks
• one massless gauge boson carrier of the electromagnetic interaction, the photon
γ
• 3 gauge bosons carriers of the weak interaction, W± and Z0
• 8 gauge bosons carriers of the strong interaction, the gluons
• Higgs boson H
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The theory is described through a Lagrangian invariant under the group of trans-
formations SU(3)C ⊗ SU(2)I ⊗ U(1)Y , where SU(3)C is the group that describes
the strong interaction color symmetry, SU(2)I is the group that describes the weak
isospin I for the electroweak interaction and U(1)Y is the group that describes the
invariance under hypercharge Y transormations. Such a symmetry is then sponta-
neously broken through the so called Higgs mechanism.
The quark flavour changing transitions are described in terms of a weak current
operator J µ that couples the W boson fields through the Lagrangian:
Lint = − g√
2








and where Vij are the elements of a unitary matrix 3×3, called Cabibbo-Kobayashi-









It can be shown that the general unitary n×n quark-mixing matrix, where n denotes
the number of generations, can be described by (n−1)2 parameters, n(n−1)/2 angles
and (n−1)(n−2)/2 complex phases. Hence the CKM elements can be expressed in
terms of three angles, i.e. the mixing angles between the generations, and a complex
phase. This phase leading to an immaginary part of the CKM matrix is a necessary
ingredient to describe CP violation in the SM1.
Many parametrizations of the CKM matrix have been proposed in the literature.
One of the most common, also used in the Particle Data group (PDG) [10], is the
Keung-Chau parametrization [11] where the four parameters have a clear physical
meaning. They represent the three quark generation mixing-angles (θ12, θ23, θ13) and
the complex phase bringing the CP violation. Setting cos(θij) = cij and sen(θij) =






−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

 (1.4)
1The need to handle with a model including CP violation drove Kobayashi and Maskawa to
add a third generation of quark much before the discovery of quarks t and b.
5
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A really useful parametrization for phenomenological applications is the Wolfen-
stein [12] one, that makes the hierarchy of the mixing between generations explicit.
It takes into account that the matrix elements can differ from each other even
by some orders of magnitude by expanding each element as a power series of the




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (1.5)
with A, η¯ and ρ¯ real parameters and A ≃ 1. The matrix only acquires a non-zero
immaginary component at the third order in λ if η 6= 0, specifically in the Vub and
Vtd terms. The smallness of the SM CP violation is made explicit in this formalism
pointing out that CP violation effects only involve transitions whose amplitudes are
of order O(λ3) or even smaller. The precision of nowadays experiments demands to








λ4 λ Aλ3(ρ− iη)
−λ + 1
2




λ4(1 + 4A2) Aλ2
Aλ3[1− (1− 1
2
λ2)(ρ+ iη)] −Aλ2 + 1
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Each equation requires the sum of three complex numbers to vanish so it can be
represented as a triangle in the complex plane. The triangles constructed in this
way are known as unitarity triangles. They all have the same area given by the
Jarlskog parameter [13] [14]:
|JCP | = |Im(ViαVjβV ∗iβV ∗jα)|, i 6= j, α 6= β (1.8)
6
JCP quantifies the strength of the SM CP violation and its value shows the smallness
of the phenomenon in the framework of the SM. In fact in terms of the Wolfenstein
parametrization JCP ∼ A2λ6η ∼ O(10−5). Putting in equations 1.7 the matrix
element values according to the Wolfenstein parametrization the difference between
the six triangles is clearly visible. In particular only two of them have all the sides
of the same order (λ3), while the others are almost degenerate.
The first one is the triangle corresponding to the first equation of 1.7 and it refers
to the B0 meson system. Usually an alternative representation of this triangle is
given such that (VcdV
∗
cb) is real and the base is unitary and set on the real axis, as
shown in figure 1.1. This triangle is generally referred to as “Unitarity Triangle”






























with an approximation valid up to O(λ5) in the Wolfenstein’s parametrization.
The second triangle, corresponding to the last equation of 1.7, is shown in fig-











where φs is the phase of the Bs oscillations, that can be measured in Bs decay
channels such as Bs → J/ψφ.
The direct measurement of angles and sides of unitarity triangles is a crucial
test of the SM. Moreover the unitarity triangle parameters can be measured in
several different ways and any discrepancy that may arise among these measurements
indicates the presence of new phenomena beyond the SM.
7
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with an approximation valid up to O(λ5) in the Wolfenstein’s parametrization.
1.1.2 Constraining the CP parameters
The combination of experimental results and the constraints on the (ρ¯, η¯)2 plane
are summarized in figure 1.3, obtained by the UTfit group [16]. The plot shows
the current experimental status, including the recent measurement of the neutral
Bs meson mixing amplitude by the CDF Collaboration [17] as well as the latest
bounds given by D0 [18], BABAR [19] and Belle [20].
The UTfit Collaboration has shown that it is possible to extract from the recent
experiments the value of the relevant parameters concerning CP violation in the
framework of the SM. Hereafter a list of the main quantities exploited by the UTfit
Collaboration to constraint the CKM picture is given.
Rb This parameter is defined by the ratio |Vub/Vcb|. It can be determined from







ρ¯2 + η¯2 (1.11)
and centered at the origin C=(0,0). From global fits to the CKM parameters
Rb = 0.379±0.015.
Rt This parameter is defined by the ratio |Vtd/Vcb|. Since the mass difference
2Notation introduced by Buras [15] where the Wolfenstein original parameters ρ and η are
































Figure 1.3: Determination of ρ¯ and η¯ from constraints on
|Vub|/|Vcb|,∆md,∆ms, ǫK , β, γ and α. 68% and 95% total probability contours are
shown, together with 95% probability region from the individual constraints.
9
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in the B0-B¯0 system is ∆Md ∝ |VtdV ∗tb|2 it is possible to constraint Rt. The
parameter can be further improved by exploiting the measurement of ∆Ms ∝







|Vtd|2 , ξ = O(1) (1.12)
where ξ is a SU(3) flavour-symmetry breaking factor obtained from lattice
QCD calculations [21] [22]. The theoretical errors partly cancel out in the ratio
of the ∆M and thus |Vtd| can be further constrained with the measuremenet




(1− ρ¯)2 + η¯2 (1.13)
From global fits to the CKM parameters Rt = 0.906±0.031.
ǫK This parameter describes CP violation in the neutral kaon system and it is
tipically measured in neutral K decays. This bound corresponds to a hyper-
bola in the (ρ¯, η¯) plane. This parameter is actually only used as input in UTfit
with the value ǫK = (2.280± 0.013)× 10−3.
α A theoretically clean direct measurement of this parameter is not possible
because of the remarkable penguin contributions. However this parameter can
be detemined through the triangle relation α = π− β − γ. From global fits to
the CKM parameters α = 93.5± 4.6 [16].
β This phase is best determined from b → c¯cs¯ transitions in B0 decays where
the phase of the dominant tree-level amplitude is approximately real. The
gold-plated channel for this measurement is Bd → J/ΨK0S. From global fits
to the CKM parameters sin(2β) = 0.697± 0.023.
βS The determination of βS is the counterpart of β measurement using b → c¯cs¯
transitions in Bs decays, for example Bs → J/Ψφ,Bs → J/Ψη(′), Bs → ηcφ
and Bs → DsDs. The CP asymmetry from these channels will probe the Bs-
B¯s mixing phase φs ≡ 2 arg[V ∗tsVtb] ≈ −2βs. From global fits to the CKM
parameters sin(2βs) = 0.0363± 0.0018.
γ This phase can be measured from a wide sample of B meson decay channels.
Pure tree decays, such as Bs → DsK, allow a teoretically clean extraction
of γ (actually the weak phase (γ − 2βs), with βs measured from the Bs-
B¯s mixing), insensitive to new physics. Moreover the weak phase γ can be
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measured directly from decays such as B → DK or even from the comparison
between Bd → π+π− and Bs → K+K−, exploiting the SU(3) symmetry. The
last method will be described in detail in section 1.4.1. From global fits to the
CKM parameters γ = (64.1± 4.2)◦ and sin(γ + 2β) = 0.952± 0.026.
Note that in the present experimental situation the constraints are dominated
by the well measured sin(2β). There are still large uncertainties in the determi-
nation of |Vub| and an effort for a substantial improvement of the theoretical and
experimental accuracy for this quantity is needed. Further improvements on the
knowledge on ∆Ms are expected in very near future from LHCb which will achieve
a sensitivity of ∼ 0.001 ps−1 with an integrated luminosity of 2 fb−1, given a value
∆Ms = (17.77± 0.10± 0.07) ps−1 [17]. In the future a confirmation of the these re-
sults with smaller errors might reveal the presence of new physics in the generalized
unitarity triangle analysis.
1.2 Neutral B meson mixing
The phenomenon of oscillations between a neutral meson and its antiparticle is well
established as a result of the non-conservation of flavour in the weak interactions.
The mixing is a second-order weak process that is dominated, within the SM, by























Figure 1.4: Box diagrams contributing to B0d − B¯0d and B0s − B¯0s oscillations.
There are two neutral B0-B¯0 meson systems which exhibit the phenomenon of
particle-antiparticle mixing: B0d−B¯0d and B0s−B¯0s , generally denoted B0q−B¯0q , where
q = s, d. Such a system is produced in one of its two possible states of well defined
flavour: |B0q 〉 (b¯q) or |B¯0q 〉 (bq¯). Due to flavour changing transitions this initial state
11
Physical motivations for studing charged charmless two-body B decays
evolves into a time-dependent quantum superposition of the two flavour eigenstates:
|ψ(t)〉 = a(t)|B0〉+ b(t)|B¯0〉 (1.14)














where the Hamiltonian matrix can be decomposed into the component massM and
decay Γ matrices describing the dispersive and absorptive parts of B0-B¯0 mixing.


























CPT invariance implies that mass and lifetime of meson and its anti-meson are
the same and so it requires that the diagonal elements of M and Γ are equal too,
i.e. M11 = M22 ≡ M and Γ11 = Γ22 ≡ Γ, where M and Γ are the mass and decay
width of the B0 and B¯0 flavour states.
The two mass eigenstates can be found by diagonalising H. They are given by:
|B±〉 = p|B0〉 ± q|B¯0〉 (1.17)
where the admixture constants p and q are complex numbers satisfying the normal-
isation condition |p2|+ |q2| = 1. Since the physical eigenstates are characterized by
their well defined masses and M− > M+ it is customary to define |Bq−〉 and |Bq+〉
as the heavy (|BqH〉) and the light (|BqL〉) states respectively. Their corresponding
eigenvalues are:














where the masses of the two eigenstates have been defined as MH,L and their cor-
responding widths as ΓH,L. The mass difference and the width difference are then
defined as:
∆m ≡MH −ML > 0
∆Γ ≡ ΓL − ΓH > 0
(1.19)









Thus the time dependence of the two eigenstates of well defined massMH,L = Re(λ±)
and width ΓH,L = −2Im(λ±) is given by the phases e−iλ±t = e−iMH,Lte− 12ΓH,Lt and
the time evolution of a pure |B0〉 or |B¯0〉 state at t = 0 is:
|B0(t)〉 = g+(t)|B0〉+ p
q
g−(t)|B¯0〉 (1.21)


























1.3 Time dependent decay rates of neutral B mesons
and CP asymmetries
The decay rates for initial neutral B or B¯ mesons decayig into a final state f at a






















where Γ = (ΓH−ΓL)/2 is the average decay width for the two mass eigenstates |BL〉
and |BH〉 while Af and A¯f¯ are the instantaneous decay amplitudes for B → f and
B¯ → f¯ respectively, i.e.:
Af = 〈f |H|B0〉 (1.29)
A¯f¯ = 〈f¯ |H|B¯0〉 (1.30)
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1.3.1 Different types of CP violation
The CP symmetry implies that a decay and its CP conjugate occur with the same
probability, hence:
ΓB→f (t) = ΓB¯→f¯(t) and ΓB¯→f(t) = ΓB→f¯ (t) (1.37)
It can be shown using equations 1.25-1.28 that the above-given conditions are equiv-
alent to the following:
|Af | = |A¯f¯ |, |Af¯ | = |A¯f |,
∣∣∣∣qp
∣∣∣∣ = 1 and arg(λf) = arg(λ¯f¯ ) (1.38)
therefore if at least one of these equivalence relations is not satisfied then CP is
violated . In fact CP can be violated in three different ways:
• CP violation in the decay amplitudes, also called direct CP violation,
that takes place in the interference between different decay amplitudes and
brings to a difference between decay rates for a process and its CP conjugate.
Two kinds of phases can appear in these amplitudes: a weak phase δ from the
CKM matrix that can violate CP and a strong phase φ due to the final state
interactions mediated by the strong force that do not violate CP. If a meson
can decay by several mechanisms with different amplitudes, having at least two
terms with different weak and strong phases, interference between the decay
14












∣∣∣∣∣ 6= 1 (1.39)
• CP violation in the mixing, also called indirect CP violation, that appears
in the time evolution of a neutral B meson and its anti-meson described by
the Schro¨dinger equation 1.15. CP violation arises from a difference in the
rates of B0 → B¯0 and B¯0 → B0 that happens when the magnitudes of the







∣∣∣∣∣ 6= 1 (1.40)
• CP violation in the interference of mixing and decay, also called
mixing-induced CP violation, that can arise when a neutral B meson and
its anti-meson can both decay into the same final state f or f¯ and CP vi-
olation can occur as a result of the interplay between the mixing and the
decay amplitudes. In fact the B meson can decay directly or oscillate before
decaying to the same common final state. CP violation can be observed if
λf , λf¯ 6= 1, where λf¯ = (q/p)(A¯f¯/Af¯) and λf is given in eq. 1.35. This can
happen if CP is violated either in the decay (|A¯f¯/Af | 6= 1) or in the mixing
(|q/p| 6= 1). But, as a more interesting case, it can also happen when neither
mixing or decay CP violation are present, but the phases of q/p and A¯f¯/Af
interfere to give Im{λf , λf¯} 6= 0. Note that this source of CP violation is
not affected by hadronic uncertainties so it is the most theoretically clean sit-
uation for extracting the values of the CKM parameters from experimental
measurements.
1.3.2 Case of f CP eigenstate
If the final state f is a CP eigenstate, so that f¯ = f , the four decay rates reduce to
two. In fact we have:
Af¯ = Af and A¯f = A¯f¯ (1.41)
and thus:
ΓB→f (t) = ΓB→f¯(t) and ΓB¯→f(t) = ΓB¯→f¯(t) (1.42)
15
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The time dependent CP asymmetry is defined as:
ACPf (t) =
ΓB¯→f(t)− ΓB→f (t)
ΓB¯→f(t) + ΓB→f (t)
= − (1− |λf |
2)cos∆mt− 2Im(λf)sin∆mt





1 + |λf |2 (1.44)
Amixf =
2Im(λf )




1 + |λf |2 (1.46)









The relative decay width difference ∆Γ/Γ is expected to be of order of 10% for the
B0s meson, while it is negligible for the B
0 meson. In the case ∆Γ = 0 equation 1.47
reduces to:





The quantities Adirf and A
mix
f parametrize direct and mixing-induced CP violation
respectively.
1.3.3 Case of f flavour specific final state
If the final state f is flavour specific3 then f 6= f¯ and so:
λf = λ¯f¯ = 0 (1.49)
therefore only the B has istanteneous access to the decay channel f , while only
the B¯ has istanteneous access to the decay channel f¯ . In this case the functions
I+(t), I−(t), I¯+(t) and I¯−(t) reduce to:





I−(t) = I¯−(t) = cos∆mt (1.51)
3A flavour specific final state is such that the sign of the charge of the particles in the final state
is correlated to the sign of the charge of the b quark in the decaying B meson.
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Using the four decay rates it is possible to define two decay asymmetries:
Af (t) =
ΓB¯→f(t)− ΓB→f (t)
















It is also possible to define the following CP asymmetry:
ACPf,f¯ (t) =
[ΓB¯→f¯(t) + ΓB→f¯(t)]− [ΓB¯→f(t) + ΓB→f(t)]
[ΓB¯→f¯(t) + ΓB→f¯(t)] + [ΓB¯→f(t) + ΓB→f(t)]
(1.54)
that results to be independent on time and identically equal to the charge asymmetry
defined as:
Af,f¯ = −
|Af |2 − |A¯f¯ |2
|Af |2 + |A¯f¯ |2
= −
1−
∣∣∣∣ |A¯f¯ ||Af |
∣∣∣∣2
1 +
∣∣∣∣ |A¯f¯ ||Af |
∣∣∣∣2
(1.55)
That charge asymmetry differs from zero if there is direct CP violation and parametrizes
it.
1.4 Non-leptonic charmless charged two-body B
decays
The amplitues of B0(s) → h+h′− decays are dominated by tree diagrams involving a
b→ u+W− transition and penguin diagrams characterized by b→ s(d) + g(γ, Z0)
transitions. The observed decay rates are O(10−5) or smaller because the former
processes involve leading-order diagrams that are CKM suppressed (|Vub| ≪ |Vcb|),
while the latter involve higher-order diagrams.
The phenomenology of non leptonic charmless charged two-body decays of B
mesons offers very rich opportunities for increasing our knowledge of CP violation.
Moreover it is an ideal ground for constraining and possibly detect new physics
effects thanks to the presence of several loop dominated decays. Finally it is a rich
source of information for understanding B decays, because all the diagram topologies
enter in their amplitudes.
These decay modes are considered interesting since the beginning of the theoret-
ical studies on the B0(s) sector. The initial interest was motivated by the opportunity
of a theoretically solid determination of the CKM angle α. In fact in the absence of
second-order QCD penguin contribution a measurement of the time dependent asym-
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metry in the Bd → π+π− decay rate would directly provide the unitarity-constrained
CKM phase α = 180◦− β − γ. However a significant penguin contribution prevents
theoretically clean measurements of this phase. In 1999-2000 the CLEO experiment
measured B(Bd → K+π−)/B(Bd → π+π−) ≃ 4, whereas if only tree processes were
to contribute B(Bd → K+π−)/B(Bd → π+π−) ∝ |Vus|2/|Vud|2 ≈ O(λ4) ≈ 0.05 was
expected. This confirmed the relevant role of penguin amplitudes.
Anyhow BABAR and Belle have provided measurements of CP violation in
the Bd → π+π− decays [23] [24]. Furthermore the first evidence of direct CP vio-
lation in decays of particles other than kaons was obtained from the measurement
of partial rate-asymmetries between Bd → K+π− and B¯b → K−π+ decays. That
measurement has been recently confirmed by CDF [25], which has collected signifi-
cant samples of charmless two-body decays of Bd and also Bs mesons, opening the
doors to the experimental study of the Bs decays. The experimental knowledge on
such asymmetries and the average obtained by HFAG (the Heavy Flavor Averaging
Group [26]), as of Winter 2007 conferences, are reported in table 1.1. Note that as
far as Bd → π+π− asymmetries are concerned their measurements are only weakly
compatible at the moment and it is not yet possible to draw a definite conclusion.
BABAR Belle CDF Average
Adirpipi 0.16± 0.11 ± 0.03 0.55± 0.08 ± 0.05 - 0.39 ± 0.07
Amixpipi -0.53± 0.14 ± 0.04 -0.61± 0.10 ± 0.04 - -0.59 ± 0.09
AKpi -0.108± 0.025 ± 0.008 -0.093± 0.018 ± 0.008 -0.058 ± 0.039 ± 0.007 -0.093 ± 0.015
Table 1.1: Experimental knowledge of direct and mixing-induced CP asymmetries
for Bd → π+π− and Bd → K+π− decays, as of Winter 2007 conferences.
The interest on B meson decay modes into pairs of charmless charged hadrons lies
also in their complexity. In fact these decays proceed through a unique interplay of
electroweak and low-energy strong interactions. This implies that for most of these
processes no completely reliable theoretical prediction of decay rates is currently
available. In fact in going from quarks, that are unobservable as physical states, to
the observable hadrons it is necessary to account for all the QCD processes that may
arise between quarks. However strong interactions are not in a perturbative regime
at energies E ∼ mu,d,s, consequently the amplitudes of non-leptonic transitions are
theoretically the most difficult to predict, because all particles in the initial and the
final state are quarks and the lack of theoretical information about the low energy
regime of strong interaction affects both the initial and the final states. As a conse-
quence the interpretation of the experimental observations turn out to be sometimes
very difficult, since any discrepancy between predictions and measurements may be
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ascribed either to improper treatement of hadronic uncertainties or to contributions
of amplitudes not expected in the SM.
Therefore constraining the CKM parameters from these decays requires meth-
ods for adressing hadronic uncertainties. A variety of techniques has been pro-
posed to overcome the difficulty [27] [28] [29] [30]. One that recently received
a lot of attention consists in combining information from measurements of rates
of Bd → π+π− and Bs → K+K− decays to control the effects of hadronic uncer-
tainties to directly determine the CKM phase γ. This metod relies on expected
(partial) cancellation of hadronic amplitudes between decay modes related by U-
spin symmetry, a subgroup of the flavour SU(3) symmetry, under which d quarks
transform into s quarks. This symmetry is not exactly conserved in the SM; how-
ever the magnitude of the violation can be constrained using QCD calculations and
experimental observables from other similiar decays, and it is not expected to be
large. This allows its treatement as a correction to the results obtained in the limit
of exact validity. On the other hand, given the value of the phase γ from other B
decays, this method can be regarded as a strategy to measure the amount of the
U-spin symmetry breaking. This topic will be discussed in detail hereinafter.
1.4.1 Measurement of γ from Bd → π+π−and B0s → K+K−
The Feynmann diagrams for Bd → π+π− and B0s → K+K− are shown if figure 1.5.
Note that the diagrams for the two processes only differ by the exchange of all the
d (d¯) quarks by the s (s¯) quarks, hence they are an example of completely U-spin
symmetric decay modes.
The direct and mixing-induced CP asymmetry terms of 1.47 for the Bd →
π+π− decay can be parametrized in the SM as [29] [30]:
Adirpipi = A
dir
pipi (d, ϑ, γ) =
2d sinϑ sinγ




pipi (d, ϑ, γ, φd) = −
sin(φd + 2γ)− 2d cosϑ sin(φd + γ) + d2sinφd
1− 2d cosϑ cosγ + d2 (1.57)
where the dependence on the CKM angle γ is made explicit, and φd = 2β is the
B0-B¯0mixing phase, experimentally well known nowadays from the BABAR and
Belle measurements [31] [32]. The parameters d and ϑ are real quantities defined
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P c − P t
T u + P u − P t (1.58)
where P j (j ∈ {u, c, t}) describe penguin amplitudes with internal j quarks, and T u














′, ϑ′, γ) = − 2d˜
′sinϑ′sinγ





′, ϑ′, γ, φs) = −sin(φs + 2γ)− 2d˜
′cosϑ′sin(φs + γ) + d˜′
2
sinφd
1− 2d˜′cosϑ′cosγ + d˜′2
(1.61)
where φs = −2βs is Bs-B¯s mixing phase, measured for the first time by D0 [33]
in Bs → J/Ψφ decay channel, and that will be measured by LHCb with precision












P ′c − P ′t
T ′u + P ′u − P ′t (1.63)
In the limit of valid U-spin symmetry of the strong interaction dynamics one can
write:
d = d′ (1.64)
and
ϑ = ϑ′ (1.65)






KK 1.56, 1.57 1.60 and 1.61
constitute a system of 4 equations with 7 unknowns: d, ϑ, φd, d
′, ϑ′, φs and γ. The
number of unknowns reduces to 5 assuming the mixing-phases well measured in
other processes, as above-mentioned. By exploiting the U-spin symmetry, i.e. iden-
tities 1.64 and 1.65, the number of unknowns further reduces to 3 and the system is
overconstrained and solvable, hence it is possible to determine simultaneously d, ϑ
and γ.
γ from present B0(s) → h+h′− measurements
At present just Adirpipi and A
mix
pipi are experimentally known, thus it is not possible yet to
apply the full method. However it is possible to estimate the value of AdirKK exploiting
once again the U-spin flavour symmetry. In fact Bd → K+π− and Bs → π+K− de-
cays differ only in the spectator quark from Bs → K+K− and Bd → π+π− decays
respectively, so relying on the U-spin symmetry and on certain dynamical assump-
tions [29] [30], we have:
AdirKK ≃ AKpi (1.66)
Adirpipi ≃ ApiK (1.67)
where AKpi is the charge asymmetry for Bd → K+π− decay and ApiK is the charge
asymmetry for Bs → π+K− decay. Exploiting 1.66, being AKpi already well mea-
sured, one can end up with 3 equations and 3 unknowns assuming for φs the SM
expectation, being that phase still unmeasured with sufficient precision. Hence
it is possible to test this method by using just the currently available measure-
ments [38] [34]. In particular it is very interesting to check whether the extracted
values of γ agrees with indirect prediction from UTfit shown in section 1.1.2.
To infer a joint probability density function (p.d.f.) for d, ϑ and γ from the p.d.f.s
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of Adirpipi , A
mix
pipi and ApiK the Bayesian approach implemented in the software package
of UTfit Collaboration has been used. In order to not fully rely on the validity of
U-spin symmetry, a Bayesian treatement for a breaking of the relation 1.64 and 1.65
of 20% and ±20◦ respectively has been applied, i.e. ξ and ∆ϑ have been varied
uniformly in the ranges:
ξ = d′/d ∈ [0.8, 1.2] (1.68)
and
∆ϑ = ϑ′ − ϑ ∈ [−20◦,+20◦] (1.69)
Figure 1.6 shows the individual p.d.f.s for d, ϑ and γ determined with that method by
intergrating out from the joint p.d.f. the other two variables in turn. Two solutions
are present, but the SM one can be easily isolated by putting a prior 4 on the ϑ
variable, e.g. imposing ϑ > 90◦, being the two solutions very well separated in ϑ.
This way the p.d.f.s shown in figure 1.7 are obtained.
d



































































































Figure 1.6: From left to right: p.d.f.s for d, ϑ and γ obtained by using current
experimental measurements [34].
The corresponding central values and 68% probability intervals are reported in
table 1.2. There is a good agreement, within experimental errors, between the value
of γ found in this way and the indirect determination from Unitary Triangle fits.
Furthermore this method gives a numerical estimation of the hadronic parameters
d and ϑ, that can be used to drive theory in correctly modelling the underlying
hadron dynamics involved in such decays. Then, with the determined values of d, ϑ
and γ, we can predict the values of AdirKK and A
mix
KK by using equations 1.60 and 1.61
and assuming the validity of U-spin symmetry. Finally a prediction of ApiK can be
obtained by means of equation 1.67. The numerical values of the symmetry found
4Putting a prior on a variable means modifying the global p.d.f. in order to consider the prior







































































































Figure 1.7: From left to right: p.d.f.s for d, ϑ and γ obtained by using current
experimental measurements and imposing on ϑ the prior ϑ > 90◦ in order to isolate
the SM solution [34].
in that way are reported in table 1.3.
d ϑ γ
0.67 ± 0.16 (148± 9)◦ (75± 10)◦
Table 1.2: Central values and 68% probability intervals for d, ϑ and γ corresponding




-0.08 ± 0.03 0.17 ± 0.04 0.39 ± 0.07
Table 1.3: Estimated values, according to U-spin symmetry, of the direct and mixing-
induced CP asymmetries for Bs → K+K− and Bs → π+K− decays.
γ from B0(s) → h+h′− decays at LHCb
LHCb will collect a large number of Bs meson, hence it will be able to measure all the






KK . In the present study, for
the first time in LHCb, all the steps needed to measure the four CP violating terms
have been carried out on events from the full GEANT simulation. This will allow
to extract γ without relying on the dynamical assumption 1.66. In this scenario,
dealing with an overconstrained system of 6 equations (1.56, 1.57, 1.60, 1.61, 1.64
and 1.65) and 5 unknowns, it is not strictly necessary to rely on both the U-spin
symmetry relations 1.64 and 1.65. Exploiting only one of them is enough to extract
γ that will result less dependent on the U-spin assumption.
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In practice there are two scenarios to deal with [34]. In the first one only equa-
tion 1.64 is assumed, while ϑ ans ϑ′ are left free and independent. Moreover a
breaking effect in ξ can be taken into account. This way, by fitting ϑ and ϑ′ inde-
pendently, their difference ∆ϑ can be extracted, i.e. the U-spin symmetry breaking
on the strong phase can be measured from data. The validity of the U-spin sym-
metry will be confirmed if and only if ∆ϑ will be compatible with zero. On the
other hand in the second scenario only equation 1.65 is assumed, while d and d′ are
fitted independently, possibly assuming also a breaking effect in ∆ϑ. In this case the
amount of U-spin symmetry breaking on ξ will be measured from data and again
will test the validity of the U-spin symmetry.
As an example let us consider the first scenario and assume a 20% breaking effect
on ξ. By using the expected statistical sensitivities on the relevant CP violating
observables of B0(s) → h+h′− decays corresponding to 10 fb−1 the pd.f.s for d, ϑ,∆ϑ
and γ shown in figure 1.8 are obtained. In table 1.4 are sumarized the sensitivities
on these parameters for the SM solutions achievable with 2 fb−1, corresponding to
about 1 year of LHCb data taking, and 10 fb−1.
d



































































































































Figure 1.8: p.d.f.s for d (top left),ϑ (top right), ∆ϑ (bottom left) and γ (bottom
right) obtained by using LHCb measurements corresponding to 10 fb−1of integrated
luminosity [34].
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d ϑ ∆ϑ γ
2 fb−1 0.18 9◦ 17◦ 10◦
10 fb−1 0.09 5◦ 8◦ 5◦
Table 1.4: Sensitivities (calculated as halves of the 68% probability intervals) for




The LHCb experiment is one of the four experiments that are installed at the Large
Hadron Collider (LHC) at CERN, Geneva. The project of the accelerator was
approved in December 1994 and it is now close to its completion. The LHCb ex-
periment is at the latest stage of its setting-up too. The first beams are planned to
circulate in LHC in May 2008 and the first collisions at high energy are expected
mid-2008 with the first results on the experiments soon after.
In this chapter the LHC accelerator will be outlined and the overall layout of the
LHCb experiment is presented, followed by sections on individual sub-detectors.
2.1 The Large Hadron Collider
LHC [39], whose layout is shown in figure 2.1, is a circular proton-proton collider
of 26.7 km circumference located underground at a depth ranging from 50 to 175
meters in the tunnel built to house the LEP accelerator. The tunnel contains two
pipes enclosed within superconducting magnets cooled by liquid helium; the two
pipes contain two proton beams traveling in opposite directions around the ring.
The two proton beams will collide with a center of mass energy
√
s = 14 TeV. The
main cross-section values expected for pp interactions are shown in figure 2.2.
LHC has four interaction regions, IP1, IP2, IP5 and IP8, occupied by the exper-
iments ATLAS [40], ALICE [41], CMS [42] and LHCb, respectively. Major design
parameters of the LHC accelerator are listed in table 2.1.
The machine is designed to deliver a peak luminosity of L = 1034 cm−2s−1 re-
quired by the two high luminosity experiments ATLAS and CMS. In addition to the
proton beams the LHC will also be operated with ion beams. The LHC dedicated
ion experiment, ALICE, aims at a peak luminosity of L = 2×1027 cm−2s−1 for nom-
inal Pb-Pb ion operation. The nominal luminosity that LHC can deliver exceeds the
27
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Figure 2.1: Sketch of the LHC accelerator geometry with its interaction points and
the location of the main experiments. LHC injection beams are provided by the
SPS accelerator.
Figure 2.2: Main cross-section values expected for pp interactions.
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Proton beam energy (GeV) 7000
Number of particles per bunch 1.15×1011
Number of bunches 2808
Circulating beam current (A) 0.582
Stored energy per beam (MJ) 362
Spacing (ns) 25
Max luminosity (cm−2s−1) 1034
Peak luminosity at the IP8 (cm−2s−1) 5×10−32
RMS beam size at the IP1 and IP5 (µm) 16.7
RMS beam size at the IP2 and IP8 (µm) 70.9
Table 2.1: Design parameters of the LHC accelerator.
demand of LHCb. In fact, for an experiment to study B mesons, their production
and decay vertexes need to be correctly identified. This task is simplified when only
a single pp collision takes place when two proton bunches cross each other. The lu-
minosity can be adjusted to the needs of the LHCb experiment by tuning the beam
optics at IP8. A luminosity of L = 2×1032 cm−2s−1 is determined to be optimal for
physics data taking, as shown in figure 2.3. At this luminosity ∼ 1012 bb¯ pairs per
year will be produced assuming a bb¯ cross-section of 500 µb at
√
s = 14 TeV (σtot=
100 mb), that is a big improvement relative to the B-factories. In fact by the end
of their data taking BABAR and Belle will have collected an overall statistics of 2
ab−1, that means ∼ 2× 109 bb¯ pairs, being the bb¯ cross-section at √s = 10.58 GeV
1.05 nb. All b-hadrons will be produced at LHC: Bd, Bu, Bs, Bc, b-baryons, with
hadronization probability 39.9%, 39.9%, 10.2%, 0.1% and 10%, respectively.
Figure 2.3: Probability to have 0, 1, 2, 3 or 4 pp interactions per bunch crossing




2.2 The LHCb detector
The LHCb experiment is optimized to measure CP -violation by studing the B meson
system [43]. Since at high energies bb¯ pairs production will be strongly peaked at
small angles with the beam line, as shown in figure 2.4, LHCb is designed as a
single-arm spectrometer, with a forward angular coverage from approximately 10
mrad to 300 (250) mrad in the bending (non-bending) plane. The layout of the
LHCb spectrometer is shown in figure 2.5.
The design of the detector is optimized to study B mesons that requires:
• excellent vertexing and decay-time resolution, essential to resolve the fast
Bs oscillations;
• high momentum resolution, typically δp/p= 0.5%, to get precise determination
of the invariant mass when reconstructing B mesons;
• excellent particle identification (PID) to separate different final states;
• high trigger efficiency to reject large background of non-bb¯ events while keeping
interesting events;
• minimization of material amount in the acceptance region to minimize multiple
scattering effects and to avoid electrons and photons deterioration.
The last issue brought the LHCb Collaboration to re-optimize the detector de-
sign [44] whit respect to the original design [45], to limit as much as possible the
material budget. The LHCb detector consists of a vertex detector (Vertex Locator),
a dipole magnet, two Ring Imaging Cherenkov detectors (RICH), a tracking system,
two calorimeters and a muon detector.
2.2.1 Magnet
The spectrometer dipole [46] is placed close to the interaction region (IR) in order
to keep its size small. Since tracks in the vertex detector are used in the trigger, it
is suitable to have the vertex locator in a region of low magnetic field for fast track
finding. It is also required that the first of the two RICH, the RICH1, is placed
in a region of low magnetic field. Therefore the magnet is located behind RICH1,
allowing an acceptance of 330 mrad in both projections upstream the magnet.
A conventional magnet is chosen to obtain a high field integral of 4 Tm with a
short length. The field is oriented vertically and has a maximum value of 1.1 T. The
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Figure 2.4: Polar angle of the b and b¯−hadrons calculated by PYTHIA event gen-
erator.
Figure 2.5: A cross section in the y − z plane of the LHCb detector.
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polarity of the field can be changed to reduce systematic errors in the CP -violation
measurements that could result from the left-right asymmetry of the detector. An
iron shield upstream of the magnet reduces the stray field in the vicinity of the
vertex detector and of RICH1.
2.2.2 Vertex Locator
The Vertex Locator [47] (VELO) has to provide precise measurements of tracks coor-
dinates close to the interaction region and it is also used in the Level-0 (L0) trigger
to suppress events containing multiple pp interactions in a single bunch crossing,
by counting the number of primary vertexes. The detector has been optimized to
obtain the best resolution on track impact parameter1.
The VELO embodies 21 tracking stations (fig. 2.6) each consisting of 2 layers of
half-circle silicon detectors, 220 µm thick, with circular and radial strips, respectively
(fig. 2.7). The stations are arranged perpendicular to the beam-line and positioned
such that the number of tracks within the acceptance crossing less than four stations
is less than 0.1%. A resolution of about 30 µm on the impact parameter of high
momentum tracks is obtained and a rejection of 80% of double interactions while
retaining 95% of single interactions is achieved.
Figure 2.6: Top view of the sensor layout in the VELO detector.
2.2.3 Tracking System
The main task of the tracking system is to find out charged particle tracks in the
region between VELO and calorimeters and measure their momenta. Measurements
of the tracking stations are used to link tracks segments from the VELO detector to
1The impact parameter is defined as the distance of closest approach of a particle trajectory to
the primary vertex
32
Figure 2.7: Top view of the VELO detector design.
calorimeter clusters and tracks in the muon system and to find out track directions
for ring reconstruction in the RICH detectors.
The system comprises 4 stations. The first one, referred as Trigger Tracker
(TT), is placed in front of the magnet and just behind RICH1. It consists of four
planes of silicon strip detectors. Together with the VELO the TT is used in the
high level trigger (HLT) as it provides a fast transverse momentum measurement
for large-impact parameter tracks. The three remaining stations (T1-T3) are placed
downstream the magnet with equal spacing. The choice of the technology is deter-
mined by the requirement of low occupancy. In fact the stations are subdivided in
an Inner Tracker [48] (IT) with small channel pitch that covers the regions closest
to the beam-pipe, characterized by particles fluxes up to 3×106 cm−2s−1, and a
coarser grained Outer Tracker [49] (OT) that covers most of the acceptance where
particle fluxes are below 1.4×105 cm−2s−1 (fig. 2.8). Each IT station consists of four
detection layers, with two ±5◦ stereo views sandwiched in between two layers with
vertical strips. The layers are covered by silicon micro-strip detectors. The sensor
thickness is 320 to 410 µm to ensure a sufficiently large signal to noise ratio.
The OT is a gas-filled straw tubes detector. Each station consists of four lay-
ers that are made of modules housing two staggered monolayers of 64 tubes each
(fig. 2.9). Modules are settled in a y-v-u-y arrangement.
The Tracking System provides a resolution on secondary vertexes of σz ∼ 170
µm, a resolution on proper time σt ∼ 40 fs (fig. 2.10) and a momentum resolution
below half a percent for particles with momenta up to 200 GeV/c that brings to a
B mass resolution below 15 MeV/c2 (fig. 2.10).
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Figure 2.8: Inner Tracker and Outer Tracker module layout in a station.
Figure 2.9: Cross-section of an Outer Tracker module. The inset shows the ar-
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3 fs (15%)± = 672σ
Figure 2.10: Left: proper time resolution for Bs → K+K− decays with a double
gaussian fit. A fit with a single gaussian gives σ ∼40 fs. Right: Bs mass distribution
for selected B0s → D∓s K± candidates with a gaussian.
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2.2.4 RICH Detectors
The two Ring Imaging Cherenkov detectors [50] (RICH) provide hadron identifica-
tion in LHCb. In addition they also help to improve the lepton identification.
RICH1 is located upstream the magnet and identifies lower momentum particles
up to about 60 GeV/c, using both aereogel and C4F10 gas as radiators. It has a polar
angle acceptance from 25 to 250 and 300 mrad in vertical and horizontal directions,
respectively. The Cherenkov light emitted by particles is focused firstly by spherical
mirrors and then by flat mirrors and finally detected by 2 planes of photon detectors,
placed outside of the acceptance within an iron shield to attenuate the magnetic field
and allow their operation.
RICH2 is installed in front of the calorimeters. It has almost the same design
as RICH1, but a smaller acceptance angle, from 15 to 100 and 120 mrad in vertical
and horizontal direction, respectively. Moreover in RICH2 CF4 is used as radiator
for particle identification up to 150 GeV/c. In figure 2.11 the two detector design is
shown, while in table 2.2 the refractive indexes of used radiators and the correspond-
ing saturation angles and threshold energies for pions and kaons are summarized.
In figure 2.12 the π-K separation achieved by the RICH system is shown: the
average efficiency for kaon identification between 2 and 100 GeV/c is 88% while the
average pion misidentification rate in the same range of momentum is 3%.
Radiator Aerogel C4F10 CF4
n 1.03 1.0014 1.0005
θmax [mrad] 242 53 23
pth(pi) [GeV] 0.6 2.6 4.4
pth(K) [GeV] 2.0 9.3 15.6
Table 2.2: Refractive index n, saturation angle θmax and threshold momentum pth
for pions (π) and kaons (K) for the three radiators in the RICH detectors.
2.2.5 Calorimeters
The main purpose of the calorimeter system [51] is to provide detection of photons
to reconstruct final state containing prompt photons or neutral pion (π0 → γγ) and
to identify electrons and hadrons at trigger level and in oﬄine analysis, as well as a
measurement of their energy and position.
The structure consists of a single-layer scintillator pad detector (SPD), followed
by a single-layer preshower (PS), an electromagnetic calorimeter (ECAL) and an
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Figure 2.11: Cross-section view of the two RICH detectors. On the left a side-view












Figure 2.12: Left: π −K separation in sigma as a function of momentum for true
pions, for each track in a sample ofBd → π+π− events. The average π−K separation
is superimposed as a line. Right: Kaon identification efficiency (solid points) and
pion misidentification rate (open points) as a function of momentum.
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hadronic calorimeter (HCAL).
The SPD main task is to separate charged from neutral particles like π0, that
are the main source of background to the electron trigger. The detector elements
are 15 mm thick scintillator pads arranged in a matrix-like layer.
The PS is conceived for the detection of early shower developments from electro-
magnetic particles and is particularly helpful in e/π± separation. Moreover energy
corrections for electromagnetic showers occurring before the ECAL can be estimated
using this sub-detector. It consists of cells made up from 14 mm-thick lead plates
followed by squared scintillators 10 mm thick. The transverse dimensions are 4, 8
or 16 cm, that correspond to the ECAL segmentation.
The ECAL provides electron and photon identification and their energy mea-
surement. It is constructed by 70 layers consisting of 2 mm-thick lead plates and
4 mm-thick polystyrene based scintillator plates. The length corresponds to 25 X0
and the resolution achieved is σ(E)/E = 10%
√
E ⊕ 1.5%, with E in GeV.
The HCAL module used to measure the energy of charged hadrons is constructed
from scintillator tiles embedded in an iron structure. This provides 7.3 λI and a
resolution σ(E)/E = 80%
√
E ⊕ 10%. The lateral segmentation of the submodules
has a 4:1 correspondence between the ECAL and HCAL.
To allow collection of the scintillation light produced by the passage of charged
particles, wavelength-shifting fibers are incorporated in the scintillator tiles. Photo-
multiplier tubes (PMTs) are used for the light detection.
2.2.6 Muon Detector
The muon system [52] [53] provides oﬄine muon identification, required both for
tagging and for muonic final state B decays reconstruction. The muon system is
also crucial for L0 trigger as it will trigger on high-pT muon tracks.
It consists of one station (M1) located in front of the calorimeters and four
stations (M2-M5) located downstream the HCAL, embedded in an muon filter made
of four 80 cm thick iron walls, for a total thickness of 320 cm, corresponding to 20
λI . The total area is about 435 m
2 and the acceptance angle from 15 to 300 mrad
leads to a geometrical acceptance for muons coming from B meson decays of about
20% respect to the whole solid angle.
Each station has two detector layers with independent readout. Given the large
variation in particle flux passing from the inner region, close to beam axis, to the
detector border, each station is divided in four regions characterized by different
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readout channel coarseness, as shown in figure 2.13, leading to 20 different kinds
of chambers. All of them, except the innermost region of M1, are multi-wire pro-
portional chambers (MWPCs) filled with a mixture of Ar/CO2/CF4 (40:50:10). A
schematic diagram is given in figure 2.14. MWPCs give a full response within 25 ns,
allowing hits to be unambiguously assigned to their corresponding bunch crossing.
For the innermost region of M1, where particle rate reaches 400 kHz cm−2s−1 ex-
ceeding MWPCs capabilities, gas-filled pad detectors using Gas Electron Multiplier
(GEM) foils are used.
The muon system allows to measure pT for muon L0 trigger with a resolution of
20%. Muons with momentum down to 3 GeV/c are identified with an efficiency in
excess of 90%, while keeping the pion misidentification probability below 1.5%.
Figure 2.13: Front view of a quadrant of muon station 2. Inside each region is
shown a sector, defined by the size of the horizontal and vertical logical channels,
corresponding to front-end channels. The intersections of logical channels are logical
pads. Region and pad sizes scale by a factor two from one region to the next.
2.2.7 Trigger
The LHCb trigger system [54] goal is to select events interesting for physics while
reducing the rate from 40 MHz to 2 kHz to cope with the limited capacity of data
storage. The latest version of the LHCb trigger has two levels: a hardware Level-0
(L0) and a software High Level Trigger (HLT).
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Figure 2.14: Schematic diagram of one sensitive gap in a MWPC.
The purpose of the L0 trigger is to reduce the rate from 40 MHz to 1 MHz.
At 1 MHz all sub-systems responses are digitized and stored in buffer memory and
can be used for trigger decision. The L0 trigger looks for events with large pT
leptons, hadrons and photons, signatures of b-hadron decays. Events can be rejected
depending on global event variables like the track multiplicity and the number of pp
interactions, as reconstructed by the Pile-Up system installed in the VELO. The L0
trigger is based on the following inputs:
• Calorimeter trigger: the algorithm requires isolated showers in ECAL with an
ET
2 threshold (see table 2.3) together with correlated hits in the muon chamber
M1 in front of the calorimeter and energy deposition in the Preshower.
• Muon trigger: the algorithm searches for tracks traversing all five stations of
the muon detector and imposes a minimum PT requirement (see table 2.3).
• Pile-Up veto: it rejects events with two or more pp interactions by reconstruct-
ing the primary vertexes.
• the Level-0 Decision Unit (L0DU): it collects information of the L0 sub-triggers
and performs simple arithmetic to combine all signatures into one decision
per beam crossing. The acceptable combinations can be programmed to give
flexibility and allow the trigger to be adapted to the running conditions.
All L0 components are fully synchronous and allow the L0 trigger to deliver a deci-
sion every 25ns.












Table 2.3: L0 trigger thresholds for various particles.
The HLT consists of a C++ application that will run on every CPU of the
Event Filter Farm, which will contain between 1000 and 2000 computing nodes.
The HLT application has access to all data in one event but, given the 1 MHz
output rate of L0 and the limited CPU power available, the HLT aims at rejecting
the bulk of the events by using only part of the full available information. The
first step of the HLT decision is settled by the so-called alleys (fig 2.15). Each alley
addresses one of the trigger types of the L0, enriching the B-content of the events by
refining the L0 objects, and adding impact parameter information. Most L0 triggers
are only selected due to one L0 trigger type, and hence will only be processed by
one alley. About ∼15% of the L0 events are selected by multiple triggers, and
will consequently pass by more than one alley. If an event is selected by at least
one alley, it is processed by the inclusive triggers, where specific resonances are
reconstructed and selected, and the exclusive triggers, that aim to fully reconstruct
b-hadron final states. While the alleys are operating independently, care has been
taken to avoid having to reconstruct the same track or primary vertex twice to avoid
wasting precious CPU power. The combined output rate of events accepted by the
alleys is ∼10 kHz.
Inclusive and exclusive selections
Previous trigger stages do not use cuts on invariant mass, nor precise pointing cuts
to a primary vertex. The inclusive and exclusive selections aim to use these cuts
to reduce the ∼10 kHz rate down to around 2 kHz, the rate at which the data is
written to storage for further analysis. Prior to the final selection, a set of tracks
is selected with very loose cuts on their momentum and impact parameter. These
tracks are used to form composite particles, like K∗ → K+π−, φ → K+K−, D0 →
hh,Ds → K+K−π− and J/ψ → µ+µ−, which are subsequently used for all selections
to avoid duplication in the creation of final states. The exclusive triggers are more
sensitive to tracking performance, while the inclusive triggers select partial B decays
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Figure 2.15: Flow-diagram of the different trigger sequences in the HLT. Squares
represent reconstruction algorithms, while diamonds indicate where the trigger de-
cisions are taken.
to φX, J/ψX, D∗X, µX, µhX and µµX to reduce the dependency from on-line
particle reconstruction. However, the exclusive selections of these channels produce
a smaller rate, allowing for a more relaxed set of cuts. The final trigger is an OR
between the inclusive and exclusive selections. In table 2.4 the four streams in the
HLT, for a total of 2 kHz, are listed with the expected band-width.
stream band-width (Hz)
Inclusive high-mass di-muons 600
Inclusive B 900
Exclusive B 200
D∗ candidates, with D0 → hh 300
Table 2.4: HLT streams with their approximate expected band-width share.
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Chapter 3
Selection of B0(s) → h+h′− events at
LHCb
LHCb, thanks to the large beauty production cross section at the LHC, expected
around 500 µb, and to excellent vertexing [47] and triggering [54] capabilities, will
be able to collect a large sample of charmless charged two-body B meson decays,
of the order of 200k per 2fb−1 of integrated luminosity, corresponding to about one
year of data taking. Furthermore its particle identification system, composed in
particular by two RICH detectors, but also by calorimeter and muon systems, will
allow to disentangle the various B0(s) → h+h′− modes with a purity exceeding 90%,
as well as high efficiency.
In this chapter a description of the overall event selection procedure is given,
beginning with an overview of LHCb analysis model and the description of some
tools of interest for the study of B0(s) → h+h′− channels, as tracks reconstruction,
particle identification (PID) and tagging. Then the Monte Carlo samples employed
for this study will be presented and finally the selection algorithm conceived to se-
lect B0(s) → h+h′− events will be described.
3.1 Computing Framework
The LHCb software is based on the object oriented architecture of GAUDI [55][56].
It is a framework written in C++ and it is specifically designed to provide common
interfaces and services for High Energy Physics experiments in the domain of event
data processing applications. In fact in LHCb typical phases of data processing have
been encapsulated in a few applications, all based on the GAUDI framework. Each
application is a producer and/or user of data as shown in figure 3.1. They share
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and communicate via the LHCb Event Model and make use of the LHCb unique
detector description.
Figure 3.1: The LHCb data processing applications and data flow. The arrows
represent the input/output data.
The different components of the LHCb software are listed hereafter together with
their corresponding GAUDI applications.
• Simulation application GAUSS [57] is the GAUDI application that simu-
lates the physics occurring at the interaction point as well as the behavior of
the spectrometer to allow understanding of its experimental conditions and its
performances. It integrates two independent phases:
– a Generator Phase consisting of the generation of the pp collisions and
the decay of the particles produced
– a Simulation Phase consisting in the tracking of the particles in the de-
tector and simulating the physics processes occurring in the experimental
setup
It is interfaced to specialized packages available in the Physics community for
the Generator phase (PYTHIA [58] for the pp collisions and EvtGen [59] for
b-decays) and makes use of the Geant4 [60] toolkit for the Simulation phase.
• Digitization application BOOLE [61] is the final stage of the LHCb detector
simulation. It applies the detector response to hits previously generated in
sensitive detectors by GAUSS. The digitization step includes simulation of
the detector response and of the readout electronics, as well as of the L0
trigger hardware and the spillover (i.e. any residual signal from previous
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bunch crossing which interferes with those generated by current pp collision).
The output is digitized data that mimic the real data coming from the real
detector.
• Reconstruction application BRUNEL [62] provides track reconstruction
and identification of particles using information from all sub-detectors for
events with positive trigger decision. It can process either real data from the
LHCb DAQ (Data Acquisition) system, or the output of BOOLE. The out-
put is saved to DST’s (Data Summary Tapes) and made available for physics
analysis.
• Physics Analysis GAUDI-based application is DAVINCI [63]. In this final
stage of data processing the decays of interest are searched among events
selected in the reconstruction phase. To this end the primary vertexes are
looked for and fitted; the assignment of a PID hypothesis to tracks (Proto
Particle objects) is performed, yielding Particle objects. Finally a series of
algorithms is executed to combine particles until the whole decay of interest
is selected.
3.1.1 Monte Carlo truth
An important feature of the LHCb simulation is the ability of an analysis performed
on simulated data to analyze the original characteristics of particles created in the
simulation (what we call Monte Carlo truth) and to associate reconstructed particles
(such as tracks and calorimeter clusters) with the original particles.
In the LHCb Event Model there is a clear separation between the generated
data and the reconstructed data. However the information about the MC truth
is preserved in the whole simulation, digitization and reconstruction and the recon-
struction phase is followed by a Relation phase in which specific algorithms navigate
the Event Model relationships to associate reconstructed tracks and clusters to the
MC particles, from which the hits and further clusters were built, as shown in fig-
ure 3.2. Association tables between tracks, clusters and MC particles are stored on
the DST. The analysis application, DAVINCI, provides a set of specific tools and
algorithms to retrieve the association between high-level analysis objects (tracks,
Particles) and MC particles. As an example a reconstructed track is said to be
associated to a MC particle if the clusters used to form the track are matched to
a certain fraction of hits coming from the same MC particle. If no association is
45
Selection of B0(s) → h+h′− events at LHCb
found, then the track is said a ghost.
Figure 3.2: Monte Carlo truth relations.
3.2 Track Reconstruction
In the track reconstruction the registered hits of the VELO, the TT, the IT and
the OT detectors are combined to form particle trajectories from the VELO to the
calorimeters [64]. After fitting the reconstructed trajectory a track is represented
by state vectors (x, y, dx/dz, dy/dz, Q/p) which are specified at given z-positions
in the experiment. The performance of the reconstruction is expressed using the
following quantities:
• the efficiency of the track finding procedure and the corresponding ghost rate;
• the precision of the reconstructed momentum;
• the precision of the reconstructed impact parameter;
• the precision of the track slope in the RICH detectors.
The first three items are most important for the B-decay products, while the last
item is also of importance for all tracks which traverse the RICH detectors and have
a momentum high enough to emit Cherenkov light. Depending on their generated
trajectories inside the spectrometer the following classes of tracks, illustrated in
figure 3.3, are defined:
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Figure 3.3: A schematic illustration in the bending plane of the five type of tracks:
VELO, upstream, downstream, T and long tracks.
1. Long tracks: traverse the full tracking set-up from the VELO to the T
stations. They are the most important set of tracks forB-decay reconstruction.
2. Upstream tracks: traverse only the VELO and TT stations. They are in gen-
eral lower momentum tracks that do not traverse the magnet. However, they
pass through the RICH1 detector and may generate Cherenkov photons. They
are therefore used to understand backgrounds in the particle-identification al-
gorithm of the RICH. They may also be used for B-decay reconstruction or
tagging, although their momentum resolution is rather poor.
3. Downstream tracks: traverse only the TT and T stations. The most rele-
vant cases are the decay products of K0S and Λ that decay outside the VELO
acceptance.
4. VELO tracks: are measured in the VELO only and are typically large angle
or backward tracks, useful for the primary vertex reconstruction.
5. T tracks: are only measured in the T stations. They are typically produced
in secondary interactions, but are useful for the global pattern recognition in
RICH2.
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3.3 Particle Identification
Particle identification within LHCb is provided by the two RICH detectors, the
calorimeter system and the muon detector. Among the stable or long lived charged
particle types (e, µ, π,K, p), electrons are primarily identified using the calorime-
ter system, muons with the muon detector, and hadrons with the RICH system.
However, for example the RICH detectors can also help to improve the lepton iden-
tification, therefore the information from the various detectors is combined.
Particle identification with the RICH system [65] is performed comparing the
pattern of hit pixels observed in the photo-detector planes to the patterns that
would be expected under a given set of mass hypothesis for the reconstructed tracks
passing through the detectors, using the knowledge of the RICH optics. A likelihood
is determined from this comparison, and then the track mass hypothesis are varied
so as to maximize the likelihood. In the high track multiplicity environment typical
of LHCb events, the main source of background photons in the RICH detectors is
from neighboring tracks. By maximizing the global likelihood for all found tracks
this background is optimally controlled.
The ECAL identifies electrons, photons and π0 [66]. The major ECAL estimator
χ2e is constructed as a χ
2 of a global matching procedure, which includes the balance
of track momentum and the energy of the charged cluster in the ECAL and the
matching between the corrected barycenter position of the cluster with the extrap-
olated track impact point. Further improvement in electron identification is made
by using the track energy deposition in the Preshower detector and the deposition
of the energy along the extrapolated particle trajectory in the HCAL. For photons
identification another estimator χ2γ is constructed through a matching procedure
between neutral clusters in the ECAL and tracks. Photons are found by searching
for clusters that cannot be matched to a reconstructed track.
Muons are identified by extrapolating well reconstructed tracks with p > 3 GeV/c
into the muon stations [67]. The tracks must be within the M2 and M5 acceptance.
Muon detector hits are searched within fields of interest (FOI) around the extrapo-
lation point in each station, parametrized as a function of momenta for each station
and region. A track is considered a muon candidate if it has left hits in a minimum
number (depending on track momentum and optimized to keep high efficiency) of
stations.
In practice the RICH system provides likelihoods for each particle type that are
then updated using information from calorimeter and muon detector estimators,
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providing a combined likelihood , e.g.:
L(e) = LRICH(e)LCALO(e)LMUON(not µ)
L(µ) = LRICH(µ)LCALO(not e)LMUON(µ)
L(h) = LRICH(h)LCALO(not e)LMUON(not µ)
Proto Particle objects store the combined likelihood together with the information
from each sub-detector. Particles are then selected by cutting on the likelihood ratio
between different hypotheses, or equivalently on the difference of log-likelihood,
according to the efficiency/purity requirements of a given analysis. For example
kaons and pions can be separated by cutting on:
∆lnLKpi = lnL(K)− lnL(π) = ln[L(K)/L(π)] (3.1)
3.4 Flavour Tagging
In order to study neural B meson decays involving flavour oscillations, identifica-
tion of the initial flavour is required, i.e. whether the flavour of B meson was b, b¯
or unknown (untagged). The object carrying the tagging information is called tag-
ger. Depending whether the flavour is extracted from the signal meson or from the
other b hadron of the bb¯ pair, the tagging procedure may be classified as Same-Side
tagging (SS) or Opposite-Side tagging (OS) respectively. To carry out the tagging
in LHCb [68] the following taggers, illustrated in figure 3.4 are exploited:
• Opposite-Side taggers:
– OS lepton: the charge of the lepton from a semi-leptonic b hadron decay
is used;
– OS kaon: the charge of the kaon from a b→ c→ s decay chain is used;
– vertex charge and jet charge: the charge of the inclusively recon-
structed decay vertex of the accompanying b hadron is used.
• Same-Side taggers:
– SS kaon: the charge of a kaon coming from the same primary vertex of
the signal B0s is used. In fact if a Bs is produced in the fragmentation
49
Selection of B0(s) → h+h′− events at LHCb
Figure 3.4: Representation of the flavour tagging procedure, showing the two tagging
sides.
of a b¯ quark then an extra s quark is available to form a kaon which is
charged in ∼50% of the cases.
– SS pion the charge of a pion coming from the same primary vertex of
the signal B0 is used. Similarly to the previous case a d¯ quark is available
to form either a charged or a neutral pion. Furthermore SS pion taggers
are expected from B resonances as B∗∗ → B∗π±. This method is limited
by the large pion combinatorial background.
– SS jet charge the effective charge of the jet arising from the same vertex
of the B meson is used.
The final tagging decision can be taken following different strategies. A first method
is to consider exclusive tagging categories with no correlations, depending upon all
possible combinations of taggers. Another possibility is to assign an individual
probability pi of being correct to each tagger i and to sort events by looking at the
combined probability of correct tagging. That way the probability pi is a function
of all the kinematic properties of each single tagger and it is evaluated by means of
a neural network which has been trained on Monte Carlo events.
The following quantities specify the performance of tagging:
• the tagging efficiency ǫtag, i.e. the probability of a tagging procedure to give






where R, W and U are the number of correctly tagged, wrongly tagged and
untagged events respectively.
• the mistag or wrong-tag fraction ωtag, i.e. the probability for an answer to be





The mistag fraction is a very important parameter because it has the effect of
reducing the amplitude of B0-B¯0 oscillations, thus diluting any CP and flavour
asymmetry by a factor D = (1 − 2ωtag), called dilution factor, in such a way that
we have:
Aobs(t) = D ×Atrue(t) = (1− 2ωtag)× Atrue(t) (3.4)





where ǫeff is the so called effective tagging efficiency, or simply tagging power, given
by:
ǫeff = ǫtag ×D2 = ǫtag × (1− 2ωtag)2 (3.6)
ǫeff and ωtag are the quantities to be optimized in order to minimize the statistical
error on the asymmetry measurements. Since we can not be absolutely sure that a
tag is correct without Monte Carlo truth information, ωtag will be estimated from
data using control channels with flavour specific final state.
3.5 Monte Carlo samples
The present study of B0(s) → h+h′− decays has been performed on Monte Carlo
events generated as part of the so called Data Challenge DC06 [69] [70]. This is
the second LHCb Monte Carlo production following the previous DC04 production.
The main reason to carry out a second Monte Carlo events production is two-fold.
On one side there is the request of simulated data of LHCb for physics studies,
outlining analysis for the first year of LHC data taking, with a description of the
detector more realistic that in DC04 production. The second reason is to make
realistic tests of computing model, miming as more as possible what will be done
with real data.
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The samples of events used in the present study are listed in table 3.1, where
also the branching fractions assumed for each decay mode is reported. The sample
size has been chosen according to the expected relative ratios in the total pp sample.
They correspond to about 0.75 fb−1 of LHCb integrated luminosity. The values of
the probabilities that b quarks hadronize into the b-hadrons of interest are shown
in table 3.2. Note that as well as B0 and Bs decays into pairs of charged charmless
hadrons also Λb → pπ− and Λb → pK− decays have been taken into account since
they are a specific source of background events for the former decays.
These Monte Carlo events were generated as described in section 3.1. In order to
save computing time an acceptance cut at generator level has been applied. The cut
consists in requiring that the b hadron of interest decays in the forward direction1,
inside a cone having an opening angle of 400 mrad. Some type of Monte Carlo events,
labelled with “DecProdCut”, have been generated applying cuts at generator level
also on decay products of b-hadrons in order to save further computing time. The
value of generator cut efficiency2 for each Monte Carlo sample is shown in table 3.1.
The samples of B0(s) → h+h′− Monte Carlo events available at the time of this study
were not uniform as far as the generator level cuts are concerned. This difference
has been taken into account by suitably rescaling the number of events. A sample
is labelled with “CPV” if CP violation has been simulated in the event generation.
In table 3.3 the values of the CP asymmetries, defined in section 1.3, simulated in
the event production are listed.
The reconstruction of these events was performed by using realistic pattern recog-
nition algorithms. Unfortunately at the time of this study it was not possible to
simulate the trigger response because the HLT algorithm development was still in
progress.
3.6 Event selection
The bb¯ production cross section expected at the LHC center of mass energy,
√
s =14
TeV, is σbb¯ = 500 µb, while the total inelastic cross section expected is σinel = 80
mb. This means that the events containing a b quark will be only a small part of
1According to the full forward-backward symmetry of the event, in case the interesting B-
hadron is generated flying to the backward direction, the whole event is spatially reflected to save
computing time.
2Evaluated as the average between particle and antiparticle cut efficiency.
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Channel Event type name N.events BR× 10−6 ǫgen (%)
Bd → π+π− Bd pi+pi-=CPV,DecProdCut 291000 4.8 19.93 ± 0.24
Bd → K+π− Bd K+pi-=CPV,DecProdCut 1119200 18.5 20.17 ± 0.26
Bs → π+K− Bs pi+K-=CPV,DecProdCut 70500 4.8 20.45 ± 0.25
Bs → K+K− Bs K+K-=CPV 472400 18.5 34.57 ± 0.37
Λb → pπ− Lb ppi=DecProdCut 68140 4.8 20.79 ± 0.11
Λb → pK− Lb pK=DecProdCut 265000 18.5 21.05 ± 0.14
Table 3.1: Samples of Monte Carlo events used to evaluate the yeild of B0(s) →
h+h′− and Λb → ph− decays reconstructed at LHCb, corresponding to 0.75 fb−1of
LHCb integrated luminosity. In the second column the event type names are listed,
where label CPV means that CP violation has been simulated while DecProdCut
means that at generator level cuts on b-hadron decay products have been applied.
In the fourth column the assumed branching fractios are listed, corresponding to
the knowledge at the time of the beginning of this study, i.e. not including the most
recent measurements from the B-factories and the Tevatron.
b hadron Hadronization factor (HFAG) Fraction produced in MC events
Bd, B
± (39.9 ± 1.0)% 40.5%
Bs (10.2 ± 1.4)% 9.9%
b-baryon (10.0 ± 1.7)% 9.1%
Table 3.2: Hadronization probabilities for the b quarks to form the b-hadrons of
interest: HFAG averages [26] and values used in the simulation.
Charge asimmetry Adir Amix
Bd -1.0 0.38 -0.64
Bs 0.39 -0.13 0.24
Table 3.3: Values of the CP asymmetries simulated in the production of the samples
of events used in the present study.
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Anyhow this class of events has a typical signature that allows to separate them
from all other kind of events, the so called minimum bias. In fact the B meson
has a relatively long lifetime, τB ∼ 1.5 ps, and its mass is low compared to the 7
TeV nominal energy of the colliding protons at the LHC, the result is a B meson
with a large boost, βγ ≃ 15. Thereby the decay of the B meson takes place at a
considerable distance from its production vertex, up to a few cm. In addition, in
most of B meson decays the sum of the decay products mass is much smaller than
B meson mass. As a result of these features, B meson decay products tipically have
a large transverse momentum, pT , and a large impact parameter, IP, with respect
to the primary vertex (i.e. the production vertex of the B meson). As an example
in figure 3.5 on the left the comparison between the pT distributions of the charged
hadrons with the highest pT in pp inelastic events and in Bd → π+π− events is
shown, while on the right the distributions of the impact parameter significance,
IP/σIP, for kaons from b-hadron decays and from other sources are shown. Thus a
clean separation of events containing a b quark from the minimum bias event can be
achieved by cutting on b-hadrons flight distance and on the transverse momentum
and impact parameter of its decay products.
Figure 3.5: pT distributions of the charged hadrons with the highest pT in the event,
for pp inelastic events and Bd → π+π−events (left) and measured distribution of the
impact parameter significance for charged kaons with pT > 0.8 GeVc from b-hadron
decays and from other sources, in event where one B meson decayed into π+π−
(right).
In section 1.4, where the main features of B0(s) → h+h′− decays have been in-
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troduced, we pointed out that the observed decay rates for these processes are very
small, O(10−5) or smaller, because they involve leading-order diagrams that are
CKM suppressed or higher-order diagrams. Anyhow LHCb will be able to collect
a large statistics of such decays. In fact at its nominal luminosity, L = 2 · 1032
cm−2s−1, LHCb will collect ∼ 1012 bb¯ events per year. Taking into account the
hadronization probabilities and the overall selection efficiencies (see section 3.6.3),
this means about 200k B0(s) → h+h′− events per 2 fb−1.
In this section the whole oﬄine procedure conceived to select B0(s) → h+h′− events
from the total event sample collected by LHCb will be presented. The first step is
the identification of particles as charged kaons, pions or protons. After that a set
of selection cuts are applied on kinematic variables to reject as much background
events as possible while keeping signal events.
3.6.1 Particle Identification in B0(s) → h+h′−decays
As mentioned above the first step of the selection algorithms is the identification
of long tracks as charged pions, kaons or protons. As explained in section 3.3
the variable used to discriminate between different particle hypotheses is ∆lnLAB,
defined in 3.1, where LA and LB are the likelihoods for particle hypotesis A and B.
In order to select different B0(s) → h+h′− decay modes an exclusive PID selection
is done, i.e. a single mass hypothesis is associated to every track. The selection is
realized through the following exclusive criteria:
• if ∆lnLµpi > −8 the track is a muon, otherwise it is not a muon and the next
hypothesis is explored;
• if ∆lnLepi > 0 the track is an electron, otherwise it is not a electron and the
netx hypothesis is explored;
• if ∆lnLKpi > 2 and ∆lnLKp > −2 the track is a kaon, otherwise it is not a
kaon and the netx hypothesis is explored;
• if ∆lnLppi > 3 the track is a proton, otherwise it is not a proton and the netx
hypothesis is explored;
• if ∆lnLKpi > 2 the track is a pion, otherwise the track is discarded.
LHCb has an excellent capability in separating kaons and pions, as shown in fig-
ure 3.6 which shows the ∆lnLKpi distribution for kaons and pions from B0(s) →
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h+h′− and Λb → ph− decays, as obtained exploiting the Monte Carlo truth. In the
same picture also the ∆lnLppi and ∆lnLKp distributions for pions, kaons and protons
are shown. By cutting on this variables a clean separation of the various modes can
be achieved. To further demonstrate the achievable separation power, we can refer
to figures 3.7 and 3.8. In the former the invariant mass distribution for selected
tracks (see next section for the selection description) in the π+π− hypothesis, i.e.
without exploiting the PID information, is shown, while the latter shows the invari-
ant mass distributions obtained exploiting the PID information. In particular for
each selection the invariant mass distribution of the signal events is shown together
with the corresponding cross-fed background coming from all the other B0(s) and Λb
decays into pairs of charmless charged hadrons.
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Figure 3.6: ∆lnLKp, ∆lnLppi and ∆lnLKpi distributions for true protons, kaons and
pions from B0(s) → h+h′− and Λb → ph− decays. The vertical lines show the applied
cuts. The red arrow shows the acceptance region for the pions, the green one for
the kaons and the blue one for protons.
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Figure 3.7: Invariant mass distribution for B0(s) → h+h′− and Λb → ph− signal
events after the selection described in section 3.6, but without PID requirements.
Invariant mass computed under the π+π− hypothesis.
PID calibration
To be confident that the PID information we are exploiting is correct, it will be
calibrated on data using a control sample. For this purpose we have focused on the
D∗ → D0π - D0 → Kπ decay chain. In fact, thanks to its “golden kinematics”, it
allows to select very clean samples of kaons and pions without exploiting particle
identification information. In particular, since the pion produced together with the
D0 has a very low energy (slow pion), the distribution of ∆M = mD∗ −mD0 must
lie within a narrow window around zero for signal events. Hence applying a cut on
this variable a great background suppression can be achieved and samples of kaons
and pions with a purity up to 100% can be selected. A large sample of such D∗
decays will be acquired with a dedicated trigger stream, for which LHCb foresees a
bandwidth of about 300 Hz.
The ∆lnLKpi distributions for pions and kaons selected from the control sample,
and from B0(s) → h+h′− decays after the event selection, where the Monte Carlo
truth information has been exploited to identify the daughter particles, are quite
different, as shown in figure 3.9. This is particularly true for values of the ∆lnLKpi
around zero, i.e. in the region where the π/K discrimination power is weaker. Such
difference is not surprising, since the momentum spectra predicted by the simulation
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Figure 3.8: Invariant mass distributions for signal events B0(s) → h+h′− and Λb →
ph− after selection and particle identification cuts for Bd → π+π− (top left), Bd →
K+π− (top right), Bs → K+K− (bottom left) and Bs → π+K− (bottom right) se-
lections. For each distribution the corrsponding cross-fed background is also shown.
The great hadron PID potential of LHCb is clearly visible.
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differ as well, as shown in figure 3.10. In fact the RICH PID starts to be inefficient
in the regions of large momenta, i.e. around 80-100 GeV/c or more, and of small
momenta, around 5-10 GeV/c or less, while the average efficiency is large and has
roughly a constant behaviour in the intermediate range (see figure 2.12).
Since the difference in ∆lnLKpi is due essentially to the different momentum
spectra, one can try to compare the signal and control sample PID variables in
momentum bins. As an example in figure 3.11 the comparison of the ∆lnLKpi dis-
tributions for the two samples in the bin of momentum 20GeV/c < p < 30GeV/c
is shown. The two distributions agree reasonably well within the statistical fluctu-
ations. This result is therefore encouraging and will deserve a deeper study when
data will become available.
Figure 3.9: ∆lnLKpi distributions for pions (left) and kaons (right) selected from the
D0 → Kπ decay and from B0(s) → h+h′− samples.
3.6.2 Selection cuts
Once particle identification has been performed, in order to select B0(s) → h+h′− events
a set of oﬄine selection cuts are applied on kinematic variables. To avoid system-
atic differences between the various B0(s) → h+h′− channels through the selection,
a unique set of cuts has been chosen for all decay modes. First of all some filter
criteria are applied to each charged track identified as a pion or a kaon in the event,
in particular:
i the transverse momentum pT of each track must be greater than a given thresh-
old (pT )each;
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Figure 3.10: Momentum spectra for pions (left) and kaons (right) from D0 → Kπ
and B0(s) → h+h′− samples.
Figure 3.11: ∆lnLKpi distributions for pions (left) and kaons (right) from the D0 →
Kπ decay and from B0(s) → h+h′− samples requiring 20 GeV/c < p < 30 GeV/c.
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ii the impact parameter significance IP/σIP of each track, computed with re-
spect to all the reconstructed primary vertices, must exceed a given threshold
(IP/σIP)each.
These criteria reflect the basic signatures of the B meson decays, i.e. the relative
long life and the large mass of the decaying meson, leading to a large transverse
momentum of the daughter particles. Afterwards pairs of tracks with opposite charge
are formed and are requested to satisfy further selection criteria:
iii at least one of the two tracks must have transverse momentum greater than a
given threshold (pT )one;
iv at least one track must have an impact parameter significance, computed with
respect to all the reconstructed primary vertices, exceeding a given threshold
(IP/σIP)one.
Finally each pair of tracks surviving these cuts is fitted to a common vertex and
used to form a B0(s) candidate, which must satisfy the following criteria:
v the invariant mass mB0
(s)
must lie within a mass window ±δm around the
nominal mass of the B0 meson of interest;
vi the transverse momentum pBT of the B
0
(s) candidate must be larger than a given
threshold (pBT )min;
vii the maximum value of the vertex fit χ2 must not exceed a given upper limit
χ2max;
viii the direction of flight must point to the primary vertex, with an impact pa-
rameter significance smaller than (IP/σIP)max;
ix the distance of flight L, calculated as a 3D distance between the primary
and the secondary vertices, must have a significance exceeding a threshold
(L/σL)min;
The value of the selection cuts are listed in table 3.4
As an example the distributions of Bs → K+K− signal and bb¯ background
events for some of the selection variables are shown in figure 3.12 while results of
event selection are summarized in table 3.5. The values correspond to the number
of events of each Monte carlo samples surviving after applying the selection cuts
for B0(s) → h+h′− decay.
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ID Selection cuts Cut values
i (pT )each, [GeV/c] > 1.0
ii (IP/σIP )each > 6
iii (pT )one, [GeV/c] > 3.0
iv (IP/σIP )one > 12
v ±δm, [GeV/c2] 50




Table 3.4: Summary of selection cuts excluding particle identification ones. The ID
column is adressed in the text.
Figure 3.12: Distributions of some of the selection variables for true Bs →
K+K− events (shaded histogram) and bb¯ combinatorial background (black dots).
The plots are obtained after track reconstruction and particle identification, but be-
fore oﬄine selection. Vertical dashed lines indicate the cut value, while the arrows
indicate the accepted region.
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Selection algorithm
MC sample Bd → π+π− Bd → K+π− Bs → π+K− Bs → K+K−
Bd → π+π− 27903 1360 760 2
Bd → K+π− 1924 103651 3887 1541
Bs → π+K− 124 460 6569 154
Bs → K+K− 13 777 974 25072
Λb → pπ− 28 36 53 5
Λb → pK− 0 71 110 198
Table 3.5: Number of events for each sample (rows) surviving the selection algo-
rithms (columns).
3.6.3 Efficiencies and yields
The total signal efficiency, ǫtot, is defined as the ratio of the number of events recon-
structed, selected and accepted by the trigger and the number of events produced
over the whole solid angle, hence it can be factorized as:
ǫtot = ǫgen × ǫsel/gen × ǫtrg/sel (3.8)
where:
• ǫgen is the generation efficiency, that takes into account the 400 mrad forward
cut on the value of the production polar angle of the b-hadron coming from
the primary collision and of any other cut on b-hadron decay products;
• ǫsel/gen is the selection efficiency defined as the fraction of selected events with
respect to generated events;
• ǫtrg/sel is the trigger efficiency defined as the fraction of events which pass the
trigger with respect to the selected events.
Note that on real data the oﬄine selection will be done on events surviving the
trigger, while here that procedure has been reversed. Anyhow the final result is not
affected by the order in which the two filters are applied. The order presented here
represents the strategy exploited in LHCb, that is to optimize the trigger algorithms
on events passing the oﬄine selections. Unfortunately at the time of this study the
only trigger algorithm available was realized exploiting the former Monte Carlo
events production, the so called DC04, while a new algorithm dedicated for the
newest DC06 Monte Carlo production was still under development. Therefore it
was not possible to run a realistic trigger algorithm on the B0(s) → h+h′− events
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analyzed and values from a previous study [34] had to be assumed for the trigger
efficiencies.
Generation, selection and trigger signal efficiencies for each selection are listed
in table 3.6, together with the four total efficiencies.
Channel ǫgen(%) ǫsel/gen(%) ǫtrg/sel(%) ǫtot(%)
Bd → π+π− 19.93±0.24 9.58±0.05 36.3±1.1 0.69±0.03
Bd → K+π− 20.17±0.26 9.26±0.03 36.8±0.6 0.69±0.02
Bs → π+K− 20.45±0.25 9.48±0.11 40.6±2.3 0.79±0.06
Bs → K+K− 34.57±0.37 5.31±0.03 39.3±1.2 0.72±0.03
Table 3.6: Summary of efficiencies for B0(s) → h+h′− decays.
Once the total efficiency for a given decay channel is known, the signal yield S,
i.e. the number of signal events expected to be in the detector acceptance, selected
and triggered in a given amount of time, can be evaluated. For B0(s) → h+h′− decays
it is given by:
S = LLHCb ×∆t× σbb¯ × 2× fB × BR × ǫtot (3.9)
where LLHCb = 2 · 1032 cm−2s−1 is the average luminosity at the LHCb interac-
tion point, ∆t is the time interval considered, σbb¯ is the bb¯ production cross section
expected at 14 TeV,fB is the hadronization probability of the B meson of inter-
est, given in table 3.2, BR is the branching fraction of the B meson decay under
study and the factor 2 takes into account the production of 2 b-hadrons per events.
Then, given the total efficiencies (table 3.6) and the assumed branching fractions
(table 3.1) the annual yield for each B0(s) → h+h′− decays has been computed. They
are listed in table 3.9.
3.6.4 Tagging efficiencies
In table 3.7 the number of events surviving the selection algorithm that have been
tagged for each sample are listed, while the values of tagging efficiency ǫtag , the wrong
tag fraction ωtag and the tagging power defined in section 3.4 are listed in table 3.8
for each B0(s) → h+h′− decay modes. The mean values for Bd and Bs are shown too.
These results will improve when also the trigger algorithm will be applied to the
data samples. Preliminary studies on events from DC06 Monte Carlo production
show that there is a significant improvement of tagging performance after applying
the L0 trigger. As an example in the Bs → π+K− channel before trigger we have
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ǫtag = 57.1%, ωtag= 36.1% and ǫeff = 4.42 ± 0.3%, while after L0 trigger we have
ǫtag = 60.4%, ωtag= 34.6% and ǫeff = 5.73 ± 0.54%. Anyway these results can
not be directly compared with the values found in this analysis. In fact since the
time of these tagging studies the LHCb vertexing has changed and in the place of
the full B0(s) → h+h′− selection only a “cheated” selection3 was applied on data
samples. Anyhow we expect the selection cuts not to affect significantly the tagging
performance.
It is worth to notice finally the larger tagging power in the Bs case. It is mainly
due to the strenght of the Same-Side kaon tagging, which is present only for Bs chan-
nels.
Selection algorithm
MC sample Bd → π+π− Bd → K+π− Bs → π+K− Bs → K+K−
Bd → π+π− 15355 813 488 0
Bd → K+π− 1137 57572 2201 952
Bs → π+K− 74 264 3899 92
Bs → K+K− 7 448 624 14713
Λb → pπ− 10 19 50 1
Λb → pK− 0 13 62 93
Table 3.7: Number of tagged events for each sample (rows) surviving the selection
algorithms (columns).
Channel ǫtag(%) ωtag(%) ǫeff (%)
Bd → π+π− 55.3 ± 0.8 40.6 ± 0.8 1.9 ± 0.3
Bd → K+π− 55.9 ± 0.4 40.3 ± 0.4 2.1 ± 0.2
mean Bd 55.6 ± 0.4 40.5 ± 0.4 2.0 ± 0.2
Bs → π+K− 59.2 ± 0.9 37.9 ± 0.8 3.5 ± 0.5
Bs → K+K− 59.3 ± 1.6 38.3 ± 0.9 3.3 ± 0.9
mean Bs 59.3 ± 0.9 38.1 ± 0.6 3.4 ± 0.5
Table 3.8: Tagging efficiency, wrong tag fraction and tagging power for every B0(s) →
h+h′− decay channel. The mean values for Bd and Bs are also listed.
3By “cheated” selection one means that no cuts are applied on signal events and that only the
reconstructed events which can be linked to the Monte carlo truth are selected.
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3.7 Background evaluation
In section 3.6 we have pointed out that events containing b quarks have a typical
signature that provides a clean separation from minimum bias events. Therefore
these events do not represent a remarkable source of background for B meson decays.
In light of the above the main source of background for B0(s) → h+h′− decays are
the following:
• combinatorial background mainly coming from bb¯-inclusive events. In fact
all the other b-hadrons decays share many similar kinematical characteristics
with B0(s) → h+h′− decays and therefore represent an important source of
background.
• specific cross-fed background: every charmless charged two-body decay
of Bd, Bs and Λb is a potential source of background for the other modes in
case of mis-identification of decay products (π/K/p) or in case of a limited
mass resolution, as shown in figure 3.8.
As far as the combinatorial background is concerned, given the order of magnitude
of B0(s) → h+h′− branching fractions, several hundreds millions of bb¯-inclusive events
would be requested to make a statistically solid estimation of the background. How-
ever at the time of this analysis the DC06 production of bb¯-inclusive events was still
very poor (few millions), so we had to refer to a previous study [34] performed on
events from the former LHCb Monte Carlo production. That study was performed
on a sample of about 30 million of bb¯-inclusive events. The same oﬄine selection
algorithm described in the previous section was applied to these events, except the
cut on the invariant mass that was relaxed up to ±600 MeVc2 in order to enhance
the available statistics. As an example in figure 3.13 the invariant mass distribu-
tions for bb¯-inclusive events surviving the B0(s) → h+h′− oﬄine selection in the π+π−
mass hypotesis is shown. Signal events are included in the distributions according to
their branching fractions. An exponential shape as been assumed to parametrize the
combinatorial background distribution. Anyhow this study does not claim to be the
final one: once real data will be available, the combinatorial background invariant
mass distribution will be drawn from real data, by means of side bands.
The background to signal ratios for each channel evaluated in the previous study
and assumed in this analysis are listed in table 3.9. Once enough bb¯-inclusive events
will be available in the newest Monte Carlo production, a new evaluation will be
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Figure 3.13: Invariant mass distributions for bb¯-inclusive events surviving the oﬄine









2 · f sigB · BRsig · ǫsiggen · ǫsigsel/gen
(3.10)
where ǫbb¯gen and ǫ
sig
gen are the generation efficiencies for bb¯ -inclusive and signal events
respectively, ǫsigsel/gen is the selection efficienciy for signal events and ǫ
bb¯
gen is the selec-
tion efficienciy for bb¯ -inclusive events estimated from side-bands of invariant mass
distribution. Note that in this expression the trigger efficiencies have been neglected.
This is done in order to increase the bb¯-inclusive events sample available.
As far as specific cross-fed background is concerned, the background to signal









B · BRj · ǫjgen · ǫjsel/gen
f sigB · BRsig · ǫsiggen · ǫsigsel/gen
(3.11)
where the sum index runs over all the channels excluding the signal under study.
The efficiency values used to compute B/S are taken from table 3.6. Again the
trigger efficiency has not be taken into account. This procedure is expected not to
introduce any bias in the background to signal ratio because the trigger algorithms
do not exploit the particle identification, but only the kinematics of decays, that is
approximately the same for all B0(s) → h+h′− and Λb → ph− processes. Moreover,
since it was not possible to run the trigger algorithm on the Monte Carlo events used
for the present study, in this way we get a realistic estimation of what we expect to
find in the samples of events considered. The results for the background to signal
ratio for each B0(s) → h+h′− channel are shown in table 3.9.
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Annual B/S B/S
Channel yield from bb¯-inclusive from specific
(Monte Carlo) background backgrond
Bd → π+π− 28700 0.5 0.08
Bd → K+π− 103300 0.15 0.03
Bs → π+K− 7500 1.9 0.85
Bs → K+K− 26400 <0.06 0.08
Table 3.9: Annual yield and background to signal ratio from bb¯-inclusive background
and specific background.
3.8 Experimental resolutions
In this section the experimental invariant mass and proper time (i.e. the time inter-
val between the hadronization of b quark into the B meson and the meson decay)
distributions obtained with the Bd → π+π−, Bd → K+π−, Bs → π+K− and Bs →
K+K− selections described above will be presented and the corresponding resolu-
tions will be evaluated. Moreover the selection efficiency as a function of the proper
time will be studied. This information will be then exploited for the CP studies
presented in the following chapters.
3.8.1 Mass resolution
In figure 3.14 the invariant mass distributions of signal events surviving the Bd →
π+π−, Bd → K+π−, Bs → π+K− and Bs → K+K− selections are shown. The











The mass mean and resolution values obtained with the single gaussian fits are sum-
marized in table 3.10.
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 invariant mass-K+ K→sB
Figure 3.14: Invariant mass distributions of signal events surviving the Bd →
π+π− (top left), Bd → K+π− (top right), Bs → π+K− (bottom left) and Bs →
K+K− (bottom right) selections.
Channel m¯ (GeV/c2) σm (GeV/c
2)
Bd → π+π− 5.277 ± 0.1 0.0202 ± 0.0001
Bd → K+π− 5.278 ± 0.1 0.0198 ± 0.0001
Bs → π+K− 5.368 ± 0.3 0.0199 ± 0.0002
Bs → K+K− 5.368 ± 0.1 0.0198 ± 0.0001
Table 3.10: Results of single gaussian fit to the four signal invariant mass distribu-
tions.
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3.8.2 Proper time resolutions
For a given decay the proper time resolution is defined as the difference between
the reconstructed proper time trec and the nominal decay time ttrue, obtained from
the Monte Carlo truth. In figure 3.15 the proper time resolution for signal events
surviving the Bd → π+π−, Bd → K+π−, Bs → π+K− and Bs → K+K− selections
are shown. We can try to describe these distributions with a single gaussian:











where t = trec−ttrue. The results of single gaussian fits are summarized in table 3.11.
If we aim at a more detailed description of the shape of these distributions we can
consider a double gaussian model:
























where again t = trec − ttrue. The results of the double gaussian fits are summarized
in table 3.12. An exhaustive study of proper time resolution modelling can be
found elsewhere [71]. We restrict the discussion in few comments. Values of the
gaussian mean differing significantly from zero may reveal a bias in the proper time
measurement. Such a bias may appear since proper time is evaluated using all tracks
in the events, including the signal ones, which may determine a systematic shift of
primary vertex in the direction of secondary vertex. In addition a problem in the
VELO digitization has been found out whose effect is the assigmenet of smaller
coordinates to the radial strips. This problem must be further investigated to find
out the final effect on vertex reconstruction. Anyhow, once the pimary vertex fit
will be refined excluding long lived particles and once the tracking system operation
will be fully understood, this bias is expect to disappear.
In our fits a resolution of about 40 fs is obtained, allowing the fast Bs oscillations
to be resolved (∆Ms = (17.77± 0.10± 0.07) ps−1 [17]). Moreover a bias of the level
of 1÷2 fs is observed. Its nature should be further investigated, as discussed above.
Anyhow we expect it do not affect significantly our study, as we will show in next
chapter.
The measurement of proper time resolution requires the knowledge of the true
B mesons decay time. When handling Monte Carlo events the Monte Carlo truth
provides such information. Conversely, when dealing with real data, the true decay
time of B mesons is not known. Therefore proper time resolution calibration will
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Figure 3.15: Invariant mass distributions of signal events surviving the Bd →
π+π− (top left), Bd → K+π− (top right), Bs → π+K− (bottom left) and Bs →
K+K− (bottom right) selections.
Channel t′ (10−3×ps) σt (10−3×ps)
Bd → π+π− -1.78 ± 0.23 38.5 ± 0.2
Bd → K+π− -1.64 ± 0.12 38.8 ± 0.1
Bs → π+K− -2.14 ± 0.47 37.8 ± 0.4
Bs → K+K− -1.36 ± 0.22 38.9 ± 0.2
Table 3.11: Results of single gaussian fit to the proper time distribution for signal
events surviving the Bd → π+π−, Bd → K+π−, Bs → π+K− and Bs → K+K− se-
lections.
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Channel t′1(10
−3×ps) σ1(10−3×ps) t′2(10−3×ps) σ2(10−3×ps) p
Bd → π+π− -2.0±0.3 31.6±0.2 -0.9±0.8 57.1±0.6 0.29±0.03
Bd → K+π− -1.6±0.1 32.0±0.3 -1.9±0.3 59.7±0.9 0.28±0.02
Bs → π+K− -2.7±0.4 30.6±0.4 0.6±0.8 57.1±1.0 0.30±0.01
Bs → K+K− -1.4±0.3 32.7±0.7 -1.3±1.1 59.9±2.4 0.25±0.04
Table 3.12: Results of double gaussian fit to the proper time distribution for signal
events surviving the Bd → π+π−, Bd → K+π−, Bs → π+K− and Bs → K+K− se-
lections.
be performed on data using a control sample. In particular it will be done using
the large sample of J/Ψ→ µ+µ− decays that will be collected through a dedicated
di-muon trigger line [72].
3.8.3 Proper time acceptance
The signal efficiency ǫ(t) as a function of the proper time has been evaluated for
each B0(s) → h+h′− mode as the ratio of the proper time distribution after the
selection and the expected distribution without selection. In figure 3.16 the proper
time acceptance after oﬄine selection cuts is shown for each signal sample. The





The results of these fits for the parameter α are listed in table 3.13 and they are
approximately consistent whitin the statistical error. Note that the the acceptance
differs significantly from one only for small values of proper time. In fact the selection
is based on cuts on the minimum values of the impact parameter significance and B
meson flight distance, that clearly affect the proper time acceptance at low values.
On the other hand the cuts on B meson impact parameter significance is a request
of an upper limit, that could affect the acceptance distribution only at larger values
of proper time. Anyway this effect is not observed and the acceptance function
asintotically tends to one. Once a realistic trigger algorithm will be available this
parametrization will be reconsidered. In fact the trigger filter will cut on minimum
impact parameter significance of tracks from B meson and on minimum distance
of flight of B meson, so it may further influence the acceptance of proper time. In
LHCb a study is in progress to develop an experimental technique to evaluate the
cut on acceptance due to the trigger directly from data [73].
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Figure 3.16: Proper time acceptance after oﬄine selection for Bd → π+π− (top
left), Bd → K+π− (top right), Bs → π+K− (bottom left) and Bs → K+K− (bottom
right) decay.
Channel α (ps−1)
Bd → π+π− 1.404 ± 0.009
Bd → K+π− 1.402 ± 0.004
Bs → π+K− 1.445 ± 0.019
Bs → K+K− 1.445 ± 0.009
Mean 1.424 ± 0.006




Extraction of CP asymmetries
from B0(s) → h+h′−decays
In this chapter a method to extract CP asymmetries in B0(s) → h+h′− decays by
means of an unbinned maximum likelihood fit to the experimental distributions will
be presented. This method is based on the RooFit [74] package. RooFit is a C++
based package that provides a toolkit for modeling the expected distributions of
events in a physics analysis. Models can be used to perform likelihood fits (employing
the MINUIT package [75]), produce plots and generate “toy” Monte Carlo1 samples
for various studies.
First of all the basic concepts of the method of maximum likelihood will be
pointed out. After that a likelihood function describing B0(s) → h+h′− events will
be derived. To do that the first step is reconsidering from an experimental point of
view the expressions for CP asymmetries, that have been theoretically introduced in
the framework of B meson decays in chapter 1. After that the extraction of the CP
asymmetries by means of the maximum likelihood fit to signal Monte Carlo samples
of events will be described in detail. The whole procedure will be performed both
on Bd → π+π− and Bd → K+π− signal event samples, in order to measure Adirpipi
and Amixpipi , and on Bs → K+K− and Bs → π+K− signal event samples, in order to
extract AdirKK and AmixKK. In both cases the effect of the combinatorial background on
the asymmetry measurements will be estimated by means of a “toy” Monte Carlo.
Finally a discussion on the proper time modelization exploited in the fit and its
effects on the extraction of the CP asymmetries will be done.
1In a “toy” Monte Carlo a set of particle variables such as mass, proper time etc. are generated
on a statistical basis according to theoretical distributions.
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4.1 The method of maximum likelihood
Consider a random variable x distributed according to a probability density function
f(x; θ), where θ = (θ1, ..., θm) is a set of parameters. Suppose the functional form of
f(x; θ) is known, but the value of at least one parameter θi is not known. The method
of maximum likelihood is a technique for estimating the values of the parameters
given a finite sample of data.
Under the assumption of the hypothesis f(x; θ ) the probability of the measure-
ment i to be in the interval [xi, xi + dxi] is f(xi; θ)dxi. Since the measurements are
all assumed to be independent the probability to have the first one in [x1, x1+ dx1],
the second one in [x2, x2 + dx2] and so on is given by:




If the hypothesized p.d.f. and parameter values are correct, one expect a high
probability for the data were actually measured. Conversely a parameter value
far away from the true value should yield a low probability for the measurements
obtained. Since the dxi do not depend on the parameters, the same reasoning applies





called the likelihood function. It is crucial that the p.d.f. used to build up the
likelihood is properly defined. In particular it must be normalized to one or to
another arbitrary constant, so that its integral turns out to be independent from
the parameters we are estimating.
One defines the maximum likelihood estimators, θˆi for the parameters to be those
which maximize the likelihood function, i.e. the solutions of the equations:
∂L
∂θi
= 0, i = 1, ..., m (4.3)
In many practical applications, when the number of measurements is large enough,
the likelihood function tends to a gaussian distribution as a function of θ, although
this should be verified every time. In this case one can evaluate the covariance
matrix of the estimators Vij = cov[θˆiθˆj ] as:



















The first step to build up the likelihood function is to make an hypothesis for
the model describing the data sample, i.e. the p.d.f. for our variable x as a function
of the unknown parameters. Usually this can be done in many way. Normally data
are described with theoretical or phenomenological models, but also purely heuristic
approaches can be used to get a first insight on data distributions.
The maximum likelihood is a very useful method to make estimation of param-
eters from experimental measurements. In this method the statistical information
embedded in each event is correctly taken into account and it is not diluted like in
other binned methods. On the other hand it is not always possible to determine
event by event p.d.f.s without making to many assumptions or introducing too many
parameters, so that the statistical power of the method is greatly diminished.
4.2 Experimental decay rates and likelihoods for B0(s) →
h+h′− decays
The theoretical expressions of the decay rates for B0 and B¯0 decays introduced in
section 1.3 have to be modified when looking at them from an experimental point
of view. In fact, when handling with real data, it is necessary to take into account
several issues, like the presence of background, the possibility of wrong tagging, the
resolution on the proper time measurement and the acceptance as a function of the
proper time (see chapter 3).
In case the final state f is a CP eigenstate, by introducing the wrong tag fraction
ω, the observed decay rates take the form:
ΓobsB→f(t) = (1− ω)ΓB→f(t) + ωΓB→f(t) =
|Af |2
2




(t) = ωΓB→f(t) + (1− ω)ΓB→f(t) =
|Af |2
2
e−Γt [I+(t)− (1− 2ω)I−(t)] (4.7)
In order to define a likelihood function, the first step is to write a p.d.f. describing
the whole sample of events tagged as B and B¯. To do that it is very useful to
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introduce a discrete variable q describing the tagging, that can take value 1 and −1
for events tagged as B and B¯ respectively. A joint probability density function on
the continuous variable t and the discrete variable q can now be written:
P (t, q) =





As well as the mistag probability also the proper time resolution function should
be taken into account when dealing with B meson decays from an experimental
point of view. In fact a worse proper time resolution leads to a reduction of the
measured oscillation amplitude, therefore the proper time resolution distribution
R(t− t′) should be included in the global p.d.f..
Figure 4.1: Proper time distribution for Bs → D−s π+ candidates that have been
flavour tagged as not having oscillated. The green histogram shows the perfect
reconstruction, while the other histograms show the dilution effect from flavour
tagging (blue), proper time resolution (yellow), background (violet) and acceptance
(red).
Besides, as explained in the previous chapter, the proper time distribution is
affected by the acceptance. Therefore, to take into account this effect, the distribu-
tion of acceptance as a function of the proper time, ǫ(t), should be included in the
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global p.d.f.. As an example in figure 4.1 the proper time distribution for Bs mesons
decaying into D−s π
+ is shown and the effect of dilution from flavour tagging, proper
time resolution, acceptance and background are also shown.
The generalization of the p.d.f. 4.8 to the case where also the proper time reso-
lution, the proper time acceptance and the measured invariant mass are considered,
is given by:













′′)⊗R(τ − t′′)ǫ(τ)dτ (4.9)
where the symbol ⊗ stands for convolution product and GS(m) is the p.d.f. of the
invariant mass.
The only missing element is now the background. Here for simplicity (i.e. in order
to avoid dealing with a too complicated likelihood) only a component describing the
combinatorial background has been included in the global p.d.f., that can be written
as:


















where fS is the fraction of signal events, B(t) and GB(m) the p.d.f.s describing the
shape of proper time and mass distributions of combinatorial background events. In
this expression it has been assumed that the background is flavour tagging blind.
Including in the global p.d.f. also the specific cross-fed background will require a
more detailed analysis. This issue will be discussed more in detail in next chapter.
The case in which f is a flavour-specific final state is slightly more complicated
since there are four observed decay rates, corresponding to the two flavour tagging
categories times the two different final states. However the expression of the p.d.f.
can be kept in a compact form by introducing a further discrete variable r, which
can assume the value 1 and -1 for the final state f and f¯ respectively. In this case
the global p.d.f. can be written as:

















where Af,f¯ is the charge asymmetry between the two final states and where we
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have assumed that the background is blind with respect to flavour tagging and final
state. The above p.d.f.s can be used to describe also the untagged samples, simply
by putting ω = 0.5.
Given all the above p.d.f.s, the likelihood function for the two cases of interest




P (ti, mi, qi) (4.12)




P (ti, mi, qi, ri) (4.13)
where NCP and Nf−spec are the total number of events in the samples, including
background events.
4.3 Samples of signal Monte Carlo events for the
Maximum Likelihood fit
The maximum likelihood fit that will be described in next sections has been per-
formed on the tagged samples of events surviving the B0(s) → h+h′− selection, with-
out applying the cut on the B meson invariant mass. This is not strictly necessary
when dealing with signal events only. However when dealing with real data a larger
range of invariant mass has to be considered in order to draw out information about
the background and achieve a proper separation between signal and background
events. In table 4.1 the number of tagged events surviving the B0(s) → h+h′− selection
in the whole invariant mass range are listed. The number of cross-fed background
events are also listed in the table. They will be used in next chapter.
It is important to notice that, while the invariant mass distribution for signal
events in the signal window is well described by a single gaussian, when considering
the whole invariant mass range the distribution is not gaussian anymore. In partic-
ular a tail appears at values smaller than B meson nominal mass, essentially due to
radiative events. We decide to parametrize these tails with a second gaussian, so to


























Selection algorithm (no mass window)
MC sample ππ Kπ KK
Bd → π+π− 16864 1191 1165
Bd → K+π− 2114 62204 2214
Bs → π+K− 143 4238 151
Bs → K+K− 11 960 15735
Λb → pπ− 73 216 9
Λb → pK− 1 349 631
Table 4.1: Number of tagged events for each sample (rows) surviving the selection
algorithm in the three mass hypothesis ππ,Kπ andKK (columns), without applying
the cut on the B meson invariant mass.
In the future we will refer to the first gaussian as G core and to the second one
as G tail. In figure 4.2 the invariant mass distribution of Bd → π+π−, Bd →
K+π−, Bs → π+K− and Bs → K+K− signal events surviving the B0(s) → h+h′− se-
lection without applying the cut on the B meson invariant mass is shown. The






Bd → π+π− 5277.4±0.1 19.33±0.14 5246.2±1.9 63.0±1.5 0.125±0.005
Bd → K+π− 5277.9±0.1 19.01±0.07 5250.2±1.0 61.3±0.8 0.110±0.003
mean Bd 5277.7±0.1 19.17±0.08 5248.2±1.1 62.2±0.9 0.118±0.003
Bs → π+K− 5367.9±0.3 19.63±0.28 5345.1±3.7 62.6±4.1 0.089±0.009
Bs → K+K− 5368.4±0.1 19.16±0.16 5345.2±2.1 56.1±2.2 0.094±0.007
mean Bs 5368.2±0.2 19.40±0.16 5345.2±2.1 54.4±2.3 0.092±0.006
Table 4.2: Results of double gaussian fit to the invariant mass distribution for signal
events surviving the B0(s) → h+h′− selection, without applying the cut on the B
meson invariant mass.
As far as the proper time resolution and the acceptance as a function of the
proper time are concerned, we get exactly the same distributions both considering
events in the signal mass window only and considering events in the whole mass
range.
4.4 Measurement of Adirππ and A
mix
ππ
The CP violating asymmetries Adirpipi and A
mix
pipi have been already measured at the
B-factories. Anyway the agreement between the BABAR and Belle measurements is
not very satisfactory at present (see table 1.1). LHCb will give a key contribution in
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 / ndf 2χ
 181.2 / 93
const     242± 4.18e+04 
G1G2      0.0048± 0.1246 
mean1     0.1±  5277 
sigma1   
 0.14± 19.33 
mean2     1.9±  5246 
sigma2   
 1.49± 63.04 
)2(MeV/c






















 invariant mass-pi+pi →dB  / ndf 2χ  479.5 / 94
const    
 457± 1.537e+05 
G1G2      0.0025± 0.1101 
mean1     0.1±  5278 
sigma1   
 0.07± 19.01 
mean2     1.0±  5250 
sigma2   
 0.81± 61.34 
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 invariant mass-pi+ K→dB
 / ndf 2χ
 97.38 / 85
const     116.4±  9674 
G1G2      0.0090± 0.0894 
mean1     0.3±  5368 
sigma1   
 0.28± 19.63 
mean2     3.7±  5345 
sigma2   
 4.06± 62.55 
)2(MeV/c

















 invariant mass-K+pi →sB  / ndf 2χ  235.3 / 87
const     226± 3.667e+04 
G1G2      0.00662± 0.09441 
mean1     0.1±  5368 
sigma1   
 0.16± 19.16 
mean2     2.2±  5345 
sigma2   
 2.14± 56.05 
)2(MeV/c






















 invariant mass-K+ K→sB
Figure 4.2: Invariant mass distributions of Bd → π+π− (top left), Bd → K+π− (top
right), Bs → π+K− (bottom left) and Bs → K+K− (bottom right) signal events
surviving the B0(s) → h+h′− selection, without applying the cut on the B meson
invariant mass.
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order to solve the tension between the two values, thanks to the very rich statistics
that will be collected. However at present this disagreement makes more complicated
the interpretation of our results.
Let us first consider for simplicity the case of no background and perfect proper
time resolution. In this case the experimental CP asymmetries for the Bd →
π+π− decay can be written as:
ACPpipi (t) = (1− 2ω)
(
Adirpipi cos∆md t+Amixpipi sin∆md t
)
(4.15)
It is clear that it is not possible to extract simultaneously Adirpipi , Amixpipi and ω from
the Bd → π+π− data only. The problem is therefore undetermined. However we can
exploit the Bd → K+π− to overcome this problem. In fact the Bd → K+π− decay
topology is pretty much the same as the Bd → π+π− decay one, so that the same
mistag probability is expected for the two channels. For the Bd → K+π− decay two
experimental decay asymmetries can be written, given by:
AK+pi−(t) = −(1− 2ω) cos∆md t (4.16)
and
AK−pi+(t) = (1− 2ω) cos∆md t (4.17)
The mistag probability ω can be extracted from data exploiting the Bd → K+π− de-
cay alone. Thus this decay can be used as a control channel, i.e. we can determine
the mistag probability ω from Bd → K+π− and then use it as an input parameter
in the Bd → π+π− fit. This way Adirpipi and Amixpipi can be unambiguously extracted.
To build the likelihood function for both Bd → π+π− and Bd → K+π− the
p.d.f.s presented in the previous chapter and in section 4.3 have been exploited. In
particular we have used a double gaussian p.d.f. for the invariant mass distribution,
a double gaussian p.d.f. for the proper time resolution and the function 3.15 as
p.d.f. for the proper time acceptance. In order to improve the fit sensitivity we have
also exploited existing information from previous measurements, such as the values
of the mass difference ∆md between the two mass eigenstates and the Bd meson
lifetime τd. This information can be included in the fit by multiplying the likelihood
by gaussian functions (priors) as follow:
logL′pipi,Kpi = logLpipi,Kpi −
(∆md −∆md)2
2σ2∆md




The Monte Carlo generation values have been used for the mean value of the ∆md
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and τd distributions, while the current experimental sensitivity on these parameters




τd (ps) 1.536 0.008
Table 4.3: Mean and resolution values of the ∆md and τd distributions used as a
pior in the likelihood fit.
As far as the Bd → K+π− fit is concerned the parameters to be determined in
the fit are:
• the charge asymmetry AKpi
• ∆ΓBd
• ∆md
• the number of signal events, NBd→K+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
• the relative normalization of the two gaussians G tail and G core pd
• the Bd meson lifetime τd
• the wrong tag fraction ωd
The proper time resolution and acceptance parameters have been fixed to the values
listed in table 3.12 and 3.13. To be more precise, the mean of the two gaussian
parametrizing the proper time resolution have been fixed to zero, being confident
that on real data we will have an unbiased measurement of proper time. Moreover
the bias measured from the fit to the proper time resolution experimental distribu-
tion is of order of 1 ps, much smaller than proper time resolution, hence we expect
it not to affect significantly the fit results. Anyway, to check the accuracy of this
statement we have performed all the likelihood fit presented in this section and in
the following twice: once fixing the proper time resolution means to the values listed
in table 3.12, then fixing them to zero. Exactly the same results are found in both
cases. As far as the mass distribution is concerned, we have used a double gaussian
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distribution, as explained in the previous section, fixing the mean and the resolu-
tion of the gaussian for the distribution tails, G tail, to the values listed in table 4.2,
while the mean and the resolution for the first gaussian as well as the relative nor-
malization of the two gaussians, pd, have been left free in the fit. The fit results are
shown in table 4.4. The value found for the charge asymmetry perfectly agrees with
the value set in the Monte Carlo event generation, AKpi = −1.0. Moreover there
is a perfect agreement between the value we obtain for ωd and the value we have
estimated directly on data in section 3.6.4. It is worth to note that also the value
we obtain for ∆ΓBd completely agrees with its generation value, ∆ΓBd = 0. In fact
fixing the value of this parameter in the fit there is no improvement in the results
and exactly the same values are found for all parameters.
Parameter Fit result
AKpi -0.106 ± 0.004
∆ΓBd (ps
−1) 0.0002 ± 0.0210
∆md (ps
−1) 0.507 ± 0.004
NBd→K+pi− 62038 ± 249
m¯d (MeV/c
2) 5278.11 ± 0.09
σmd (MeV/c
2) 18.75 ± 0.08
pd 0.8608 ± 0.0023
τd (ps) 1.485 ± 0.005
ωd 0.399± 0.003
Table 4.4: Results of the unbinned maximum likelihood fit to the samples of Bd →
K+π− signal events.
Now we can proceed to the unbinned maximum likelihood fit to the sample





• the number of signal events, NBd→pi+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
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• the relative normalization of the two Russians G tail and G core pd
• the Bd meson lifetime τd
where λpipi is defined by equation 1.35 and it is related to the CP asymmetries Adirpipi
and Amixpipi according to equations 1.44 and 1.45. The wrong tag fraction has been
fixed to the value found in the fit to Bd → K+π− event sample. Again the mean
value and the resolution of the gaussian G tail of mass distribution have been fixed
to the values found in the previous section, while the proper time resolution and
acceptance parameters have been fixed to the values found in the previous chapter,
but the means of the two gaussian functions of the proper time resolution that have
been fixed to zero. In table 4.4 the fit results are shown, together with the values of
Adirpipi and Amixpipi , unambiguously extracted from the fit itself. In figure 4.3 the fit to
the invariant mass distribution is shown.
The values found for the CP violating terms agree with their generation values,
Adirpipi = 0.38 and Amixpipi = −0.64 (see table 3.3). This is a very important result
because it validates the fit procedure employed so far. In this case the values found
for ∆ΓBd lies within three standard deviations from the generation value. Anyhow
fixing this parameter to zero again does not improve the results for CP asymmetries,
since the values Adirpipi = 0.392± 0.067 and Amixpipi = −0.593± 0.062 are obtained.
Parameter Fit result
∆ΓBd (ps
−1) -0.086 ± 0.020
∆md (ps
−1) 0.506 ± 0.005
Imλpipi -0.80 ± 0.14
Reλpipi -1.19 ± 0.06
NBd→pi+pi− 16800 ± 130
m¯d (MeV/c
2) 5277.45 ± 0.18
σmd (MeV/c
2) 19.07 ± 0.16
pd 0.838 ± 0.005
τd (ps) 1.531 ± 0.009
Adirpipi 0.344 ± 0.060
Amixpipi -0.526 ± 0.055
Table 4.5: Results of the unbinned maximum likelihood fit to the sample of Bd →
π+π− signal events.
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Figure 4.3: Unbined maximum likelihood fit to the invariant mass distributions of
signal events surviving the Bd → π+π− selection.
4.4.1 Simultaneous fit to Bd → π+π− and Bd → K+π−
Instead of performing separate fits, the first one to determine ωd and the second one
to determine the CP asymmetries Adirpipi and Amixpipi , it may be convenient to perform a
combined likelihood fit of both samples. In fact many parameters, such as the ones
describing the proper time, mass and acceptance distributions, are the same in the
two samples, and thus the statistical precision can be enhanced.
The combined likelihood function is obtained by simply multiplying the two
likelihoods each-other as follow:
logL′pipi,Kpi = logLpipi + logLKpi (4.19)
Including, as in the case of the single fits, a prior on ∆md and τd, the combined
likelihood function becomes:
logL′pipi,Kpi = logLpipi + logLKpi −
(∆md −∆md)2
2σ2∆md




In this case the parameters that have been left free in the fit are:
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• Re(λpipi)
• the number of Bd → K+π− events, NBd→K+pi−
• the number of Bd → π+π− events, NBd→pi+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
• the relative normalization of the two gaussians G tail and G core pd
• the Bd meson lifetime τd
• the wrong tag fraction ωd
As in the case of separate fits the mean and the resolution of the gaussian for mass
distribution tails, G tail, have been fixed to the values listed in table 4.2, while
the proper time resolution and acceptance parameters have been fixed to the values
found in the previous chapter. The fit results are shown in table 4.6.
Parameter Fit result
AKpi -0.106 ± 0.004
∆ΓBd (ps
−1) 0.019 ± 0.012
∆md (ps
−1) 0.5066 ± 0.004
Imλpipi -0.92 ± 0.18
Reλpipi 1.17 ± 0.07
NBd→K+pi− 62038 ± 249
NBd→pi+pi− 16800 ± 130
m¯d (MeV/c
2) 5277.92 ± 0.08
σmd (MeV/c
2) 18.84 ± 0.07
pd 0.857 ± 0.002
τd (ps) 1.483 ± 0.005
ωd 0.398 ± 0.003
Adirpipi 0.377 ± 0.066
Amixpipi -0.572 ± 0.063
Table 4.6: Results of the combined unbinned maximum likelihood fit to the samples
of Bd → π+π− and Bd → K+π− signal events.
Again there is a very good agreement between the values found for Adirpipi and
Amixpipi and their generation values. Anyhow we can notice that the combined fit do
not improve the results for the CP asymmetries with respect to the case of two
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separate fits. This is probably due to the fact that most of the parameters shared
by the two samples are the constrained ones. In particular ∆md and τd are not
really free because a prior has been imposed on them, while ∆ΓBd is equal to zero,
so it is expected not to affect very much the fit results. In practice we have en-
hanced the statistics, without really decrease the relative number of parameters to
be determined in the fit. Therefore, as far as Bd → π+π− and Bd → K+π− are con-
cerned, the two fit procedures presented in this chapter can be considered equivalent.
4.4.2 Combinatorial background
As explained in the previous chapter, we could not make a statistically solid estima-
tion of the combinatorial background due to the lack of bb¯-inclusive events within
the DC06 Monte Carlo production. Anyway it is possible to take into account the
background effect on the extraction of the CP asymmetries by using “toy” Monte
Carlo events and relying on background studies made on DC04 Monte Carlo events.
The Roofed package allows to make a fast generation of “toy” Monte Carlo events
according to a given p.d.f.. To build up such a p.d.f. the distributions quoted in [34]
have been exploited, in particular:




exp(−µ mmin)− exp(−µ mmax) (4.21)
where mmin = 4.9 GeV/c
2 and mmax = 5.7 GeV/c
2 are the minimum and
maximum mass values accepted by the trigger. The value of µ, consistently
amongst the Bd → π+π− and Bd → K+π− channels, has been determined
from the full GEANT simulation to be 1.34± 0.22 c2/GeV.
• proper time functions: the proper time distribution from selected bb¯-inclusive
events (excluding signal events present in the sample), for the π+π− mass hy-
pothesis, obtained after the selection in the mass window ±600 MeV/c2 around
the nominal mass of the B mesons, without applying the trigger selection, is
shown in figure 4.4. The normalized rate B(t) for bb¯-inclusive events has been
parametrized by the following function:
B (t) ∝ e−ηt · (δ · t)
5
1 + (δ · t)5 (4.22)
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The value of η and δ, consistently amongst the two channels, has been de-
termined from the full GEANT simulation to be η = 0.99 ± 0.08 ps−1 and
δ = 1.31± 0.09 ps−1.
 / ndf 2χ
 10.94 / 15
p0       
 12.84± 105.97 
     η
 0.06± 0.99 
   δ
 0.08± 1.31 
ps














 background proper time-pi +pi → dB
Figure 4.4: Proper time distribution from bb¯-inclusive events for the π+π− mass hy-
pothesis, obtained by applying the selection within the mass window ±600 MeV/c2.
All values of the input parameters used in the “toy” Monte Carlo generation are
summarized in table 4.7. The mass has been generated from a value mmin = 4.9
GeV/c2 up to a value mmax = 5.7 GeV/c
2 in order to include the mass sideband
spectrum and simulate the extraction of the combinatorial background properties
from data in the likelihood fit. The number of events to be generated has been
evaluated from the background to signal ratios listed in table 3.9, approximating the
combinatorial background invariant mass distribution with a linear shape instead
of an exponential one. As an example in figure 4.5 the invariant mass and proper
time distributions for combinatorial background events generated in the π+π− mass
hypothesis are shown.
Parameter Bd → π+π− Bd → K+π−
(B/S)bb¯ 0.5 0.15




Table 4.7: Values of the parameters used as input to the fast “toy” Monte Carlo
simulation.
The events generated in this way have been used to evaluate the combinatorial




Figure 4.5: Invariant mass (left) and proper time over Bd mass (right) distributions
for combinatorial background events generated in the π+π− mass hypothesis. The
p.d.f.s used to generate them are superimposed.
fit to Bd → π+π− and Bd → K+π− samples. For that purpose the generated events
have been added to the Bd → π+π− and Bd → K+π− signal events surviving the
selection and a new maximum likelihood fit has been performed on the total sample.
The p.d.f.s describing the background have been included in the global likelihood
function according to equations 4.10 and 4.11. In this case the parameters to be
determined from the fit are:





• the number of Bd → K+π− signal events, NSigBd→K+pi−
• the number of Bd → π+π− signal events, NSigBd→pi+pi−
• the number of Bd → K+π− signal plus background events, NTotBd→K+pi−
• the number of Bd → π+π− signal plus background events, NTotBd→pi+pi−
• the background proper time p.d.f.parameter δ forBd → K+π− events, δBd→K+pi−
• the background proper time p.d.f.parameter δ forBd → π+π− events, δBd→pi+pi−
• the background proper time p.d.f.parameter η forBd → K+π− events, ηBd→K+pi−
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• the background proper time p.d.f.parameter η forBd → π+π− events, ηBd→pi+pi−
• the background invariant mass p.d.f. parameter µ for Bd → K+π− events,
µBd→K+pi−
• the background invariant mass p.d.f. parameter µ for Bd → π+π− events,
µBd→pi+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
• the Bd meson lifetime τd
• the wrong tag fraction ωd
The parameters have been fixed as done for the fit to signal events only: the
mean and the resolution of the gaussian for the mass distribution tails, G tail, have
been fixed to the values listed in table 4.2, the proper time resolution and acceptance
parameters have been fixed to the values found in the previous chapter. Moreover
the relative normalization of the two gaussian for the invariant mass distribution,
G tail and G core, has been fixed to ease the fit convergence. The fit results are
shown in table 4.8, while in figure 4.6 the fit to the invariant mass distribution
for the Bd → K+π−, Bd → π+K− and Bd → π+π− events is shown. The values
found for Adirpipi and A
mix
pipi are still in good agreement with the generation values.
Therefore we can infer that the presence of a combinatorial background contribution,
in the amount given by table 3.9, does not affect significantly our results on the CP
asymmetries.
4.5 Measurement of AdirKK and A
mix
KK
As far as AdirKK and A
mix
KK extraction from Bs → K+K− is concerned, the consid-
erations made in the Bd → π+π− case can be repeated. In fact it is not possible
to extract simultaneously the two CP asymmetries and the mistag probability ωs
using the Bs → K+K− channel alone. Anyhow the wrong tag fraction can be de-
termined by exploiting the Bs → π+K− decay. In this case the statistic available
for the Bs → π+K− is much smaller with respect to the Bd → K+π−. In order
to detrmine ωs with enough precision, it could be useful to exploit some control
channel. In particular the Bd → K+π− itself can be used to constraint ωs as far as
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Parameter Fit result
AKpi -0.107 ± 0.004
∆ΓBd (ps
−1) 0.015 ± 0.013
∆md (ps
−1) 0.505 ± 0.004
Imλpipi -0.89 ± 0.20
Reλpipi 1.165 ± 0.087
NSigBd→K+pi− 57835 ± 262
NSigBd→pi+pi− 15294 ± 150
NTotBd→K+pi− 124739 ± 353
NTotBd→pi+pi− 75071 ± 274
δBd→K+pi− (ps
−1) 1.307 ± 0.006
δBd→pi+pi− (ps
−1) 1.306 ± 0.006
ηBd→K+pi− (ps
−1) 0.993 ± 0.005
ηBd→pi+pi− (ps
−1) 0.994 ± 0.005
µBd→K+pi− (c
2/GeV) 1.339 ± 0.017
µBd→pi+pi− (c
2/GeV) 1.336 ± 0.018
m¯d (MeV/c
2) 5277.69 ± 0.09
σmd (MeV/c
2) 19.52 ± 0.07
τBd (ps) 1.495 ± 0.005
ωBd 0.398 ± 0.003
Adirpipi 0.366 ± 0.079
Amixpipi -0.566 ± 0.074
Table 4.8: Results of the combined unbinned maximum likelihood fit to the sample
of events obtained by adding the combinatorial background events, generated with
a “toy” Monte Carlo, to the Bd → π+π− and Bd → K+π− signal events from the
full GEANT simulation surviving the B0(s) → h+h′− selection.
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Figure 4.6: Fit to the invariant mass distributions of Bd → K+π− (top left),
Bd → π+K− (top right) and Bd → π+π− (bottom) signal events and generated
combinatorial background events.
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the opposite-side tagging in concerned. Moreover topologically different decay chan-
nels, such as Bs → Dsπ or Bs → Dsµν, could be used to measure ωs by means of
particular experimental techniques allowing to minimize the differences introduced
by the different trigger and oﬄine selection [76]. For simplicity the present study is
restricted to the case where ωs is determined only from Bs → π+K− decay.
As in the case of the Bd fit, no differences have been pointed out between the
separate and the combined fit to the two Bs → K+K− and Bs → π+K− decays,
therefore, in the following, only the combined fit will be presented. Like in the case
of the Bd fit, a prior on ∆ms and τs has been included in the likelihood for the two
samples of events. Moreover a prior on ∆ΓBs has been included. Hence the global
likelihood function to be maximized in the fit can be written as:
logL′KK,piK = logLKK + logLpiK −
(∆ms −∆ms)2
2σ2∆ms







The Monte Carlo generation values have been used for the mean values of ∆ms, τs
and ∆ΓBs distributions, while the current experimental sensitivity on these param-




τs (ps) 1.461 0.059
∆ΓBs (ps
−1) 0.685 0.050
Table 4.9: Mean and resolution values of the ∆ms, τs and ∆ΓBs distributions used
as a pior in the likelihood fit.
The parameters to be determined from the fit are:





• the number of Bs → K+K− events, NBs→K+K−
• the number of Bs → π+K− events, NBs→pi+K−
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• the mean m¯s of the gaussian G core for the Bs mass distribution
• the resolution σms of the gaussian G core for the Bs mass distribution
• the relative normalization of the two gaussians G tail and G core ps
• the Bs meson lifetime τs
• the wrong tag fraction ωs
The mean and resolution of the gaussian for the mass distribution tails, G tail,
have been fixed to the values listed in table 4.2, the proper time resolution and
acceptance parameters have been fixed to the values found in the previous chapter.
The fit results are shown in table 4.10. Also in this case the fit is able to extract
the CP asymmetries values in very good agreement with the generation values,
AdirKK = −0.13 and AmixKK = 0.24 (see table 3.3). The generation value of ∆ΓBs ,
∆ΓBs = 0.06852 ps
−1, is correctly found and it is useless to fix its value in the fit.
Parameter Fit result
ApiK 0.383 ± 0.014
∆ΓBs (ps
−1) 0.052 ± 0.020
∆ms (ps
−1) 20.015 ± 0.012
ImλKK 0.216 ± 0.054
ReλKK 0.875 ± 0.052
NBs→K+K− 15718 ± 125
NBs→pi+K− 4228 ± 65
m¯s (MeV/c
2) 5367.38 ± 0.16
σms (MeV/c
2) 18.55 ± 0.14
ps 0.845 ± 0.005
τs (ps) 1.392 ± 0.016
ωs 0.363 ± 0.015
AdirKK -0.104 ± 0.056
AmixKK 0.238 ± 0.060
Table 4.10: Results of the combined unbinned maximum likelihood fit to the samples
of Bs → K+K− and Bs → π+K− signal events.
4.5.1 Combinatorial background
As made in the case ofBd fit, we want to make an attempt to evaluate the effect of the
combinatorial background in the extraction of the CP asymmetries. The strategy
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exploited is exactly the same used for the Bd, i.e. carry out a fast “toy” Monte
Carlo event generation according to the distributions found in [34]. In particular
the combinatorial background events for theBs decays have been generated using the
same distributions used for the Bd decays, described in section 4.4.2, with the same
vaues of the parameters. Again the mass has been generated from a valuemmin = 4.9
GeV/c2 up to a value mmax = 5.7 GeV/c
2 in order to include the mass sideband
spectrum and simulate the extraction of the combinatorial background properties
from data in the fit. The number of events to be generated has been evaluated
from the background to signal ratios listed in table 3.9 in the signal mass window,
assuming a linear shape for the invariant mass distribution over the whole mass
range considered. In table 4.11 the number of events generated is listed together
with the values of the other background parameters. As an example in figure 4.7 the
invariant mass and proper time distributions for combinatorial background events
generated in the K+K− mass hypothesis are shown.
Parameter Bs → K+K− Bs → π+K−
(B/S)bb¯ 0.06 1.9




Table 4.11: Values of the parameters used as inputs to the fast “toy” Monte Carlo
simulation.
Figure 4.7: Invariant mass (left) and proper time over Bs mass (right) distributions
for combinatorial background events generated in the K+K− mass hypotesis. The
p.d.f.s used to generate them are superimposed.
The combinatorial background events generated in this way have been added to
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the Bs → K+K− and Bs → π+K− signal events, then the maximum likelihood
fit has been performed on the total sample. The parameters left free and to be
determined from this fit are:





• the number of Bs → K+K− signal events NSigBs→K+K−
• the number of Bs → π+K− signal events NSigBs→pi+K−
• the number of Bs → K+K− signal plus background events NTotBs→K+K−
• the number of Bs → π+K− signal plus background events NTotBs→pi+K−
• the background proper time p.d.f.parameter δ forBs → K+K− events, δBs→K+K−
• the background proper time p.d.f.parameter δ forBs → π+K− events, δBs→pi+K−
• the background proper time p.d.f.parameter η forBs → K+K− events, ηBs→K+K−
• the background proper time p.d.f.parameter η forBs → π+K− events, ηBs→pi+K−
• the background invariant mass p.d.f. parameter µ for Bs → K+K− events,
µBs→K+K−
• the background invariant mass p.d.f. parameter µ for Bs → π+K− events,
µBs→pi+K−
• the mean m¯s of the gaussian G core for the Bs mass distribution
• the resolution σms of the gaussian G core for the Bs mass distribution
• the Bs meson lifetime τs
• the wrong tag fraction ωs
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The parameters have been fixed as done for the fit to signal events only. The
only difference here is that the relative normalization of the two gaussian G tail and
G core for the invariant mass distribution has been fixed too. The fit results are
shown in table 4.12, while in figure 4.8 the fit to the invariant mass distribution
for the Bs → π+K−, Bs → K+π− and Bs → K+K− events is shown. The values
found for AdirKK and A
mix
KK are still in agreement, within the statistical error, with the
generation values. Therefore we can infer that the presence of the combinatorial
background contribution does not compromise significantly the fit ability in extract-
ing the CP asymmetries from Bs → K+K− and Bs → π+K− decays, although the
expected background to signal ratio is very large in the case of Bs → π+K− decay.
The effect of the background events on the fit results will be deeply investigated in
the next chapter, for both Bd and Bs decays.
Parameter Fit result
AKpi 0.363 ± 0.025
∆ΓBd (ps
−1 0.059 ± 0.023
∆md (ps
−1) 20.015 ± 0.012
ImλKK 0.19 ± 0.05
ReλKK 0.89 ± 0.05
NSigBs→K+K− 15369 ± 131
NSigBs→pi+K− 4014 ± 104
NTotBs→K+K− 23471 ± 153
NTotBs→pi+K− 69286 ± 263
δBs→K+K− (ps
−1) 1.333 ± 0.018
δBs→pi+K− (ps
−1) 1.313 ± 0.006
ηBs→K+K− (ps
−1) 0.966 ± 0.014
ηBs→pi+K− (ps
−1) 0.989 ± 0.005
µBs→K+K− (c
2/GeV) 1.396 ± 0.052
µBs→pi+K− (c
2/GeV) 1.350 ± 0.018
m¯d (MeV/c
2) 5368.16 ± 0.18
σmd (MeV/c
2) 19.24 ± 0.15
τBd (ps) 1.406 ± 0.021
ωBd 0.339 ± 0.023
Adirpipi -0.090 ± 0.049
Amixpipi 0.204 ± 0.055
Table 4.12: Results of the combined unbinned maximum likelihood fit to the sample
of events obtained by adding the combinatorial background events, generated with
a “toy” Monte Carlo, to the Bs → K+K− and Bs → π+K− signal events from the
full GEANT simulation.
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Figure 4.8: Fit to the invariant mass distributions of Bs → π+K− (top left),
Bs → K+π− (top right) and Bs → K+K− (bottom) signal events and generated
combinatorial background events.
4.6 Proper time resolution modeling
It is worth at his point to make some comments on the proper time resolution
model. In all maximum likelihood fits presented in this chapter a fixed resolution
model has been used for the proper time. In section 3.8.2, two different models of
the proper time resolution have been introduced: a single gaussian model and a
double gaussian model. Then the second one has been adopted since it better fits
the experimental distributions. Anyhow we can wonder if such a model is accurate
enough for our purpose or if maybe a simpler model can equally fit our needs. Now,
as far as Bd is concerned, the proper time resolution model is expected not to affect
significantly the fit results, since the Bd oscillations are very slow and their period
are ∼ 12 ps, much larger than proper time resolution. On the other hand the period
of Bs oscillation is smaller than Bd one, ∼ 350 fs, therefore we expect to be more
sensitive to the proper time modelization when handling with Bs decays.
The first trial we have done was to replace the double gaussian model with
a single gaussian one. The simultanueos fit was performed on signal events for
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both Bd and Bs in the same way as described in sections 4.4.1 and 4.5. The sigma
of the proper time distribution parameters has been fixed to the values shown in
table 3.11, while the mean has been fixed to zero. The fit results are shown in
table 4.13. Looking at them it is clear that assuming a single gaussian model instead
of a double gaussian there is no deterioration of the results.
Bd parameter fit results Bs parameter fit result
AKpi -0.106 ± 0.004 ApiK 0.383 ± 0.014
∆ΓBd (ps
−1) 0.018 ± 0.012 ∆ΓBs (ps−1) 0.052 ± 0.020
∆md (ps
−1) 0.507 ± 0.004 ∆ms (ps−1) 20.015 ± 0.012
Imλpipi -0.92 ± 0.18 ImλKK 0.22 ± 0.05
Reλpipi 1.17 ± 0.07 ReλKK 0.87 ± 0.05
NBd→K+pi− 62038 ± 249 NBs→K+K− 15718 ± 125
NBd→pi+pi− 16800 ± 130 NBs→pi+K− 4228 ± 65
m¯d (MeV/c
2) 5278.02 ± 0.08 m¯s (MeV/c2) 5367.40 ± 0.16
σmd (MeV/c
2) 18.73 ± 0.07 σms (MeV/c2) 18.61 ± 0.14
pd 0.851 ± 0.002 ps 0.849 ± 0.005
τd (ps) 1.483 ± 0.005 τs (ps) 1.391 ± 0.016
ωd 0.398 ± 0.003 ωs 0.367 ± 0.014
Adirpipi 0.377 ± 0.066 AdirKK -0.105 ± 0.056
Amixpipi -0.562 ± 0.063 AmixKK 0.238 ± 0.060
Table 4.13: Results of the combined unbinned maximum likelihood fit to the samples
of Bd → π+π− and Bd → K+π− (second column) and Bs → K+K− and Bs →
π+K− (third culomn) signal events, using a single gaussian resolution model for the
proper time.
In the second trial consists a more accurate model for the proper time resolution
has been employed. It consists in parametrizing at the proper time error on an
event-by-event basis, instead of using a single average value. This method leads to
a complexity increase of the likelihood function, but allows to exploit more exper-
imental information. For every event, given the proper time error σt, the proper
time resolution is given by a single gaussian with mean equal to zero and sigma
given by the σt itself. As an example in figure 4.9 the distribution of the proper
time error for Bd → K+π− events is shown. The fit results are shown in table 4.14.
No significant improvement is obtained with this more sophisticated model neither
for Bd nor for Bs fit. As above explained, as far as the Bd is concerned this result is
not surprising. On the other hand we could expect that the Bs fit was more sensitive
to the proper time resolution model. Anyhow there could be some effect that does
not appear at this statistical level. In the future repeating these tests in a larger
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sample of events could reveal it.
[ps]
















Figure 4.9: Proper time error distribution of Bd → K+π− signal events surviving
the selection.
Bd parameter fit results Bs parameter fit result
AKpi -0.106 ± 0.004 ApiK 0.383 ± 0.014
∆ΓBd (ps
−1) 0.019 ± 0.012 ∆ΓBs (ps−1) 0.053 ± 0.02’
∆md (ps
−1) 0.507 ± 0.004 ∆ms (ps−1) 20.013 ± 0.012
Imλpipi -0.92 ± 0.17 ImλKK 0.21 ± 0.05
Reλpipi 1.17 ± 0.07 ReλKK 0.88 ± 0.05
NBd→K+pi− 62034 ± 249 NBs→K+K− 15717 ± 125
NBd→pi+pi− 16797 ± 130 NBs→pi+K− 4228 ± 65
m¯d (MeV/c
2) 5278.02 ± 0.08 m¯s (MeV/c2) 5367.40 ± 0.16
σmd (MeV/c
2) 18.73 ± 0.07 σms (MeV/c2) 18.61 ± 0.14
pd 0.851 ± 0.002 ps 0.849 ± 0.005
τd (ps) 1.483 ± 0.005 τs (ps) 1.392 ± 0.016
ωd 0.398 ± 0.003 ωs 0.371 ± 0.014
Adirpipi 0.376 ± 0.066 AdirKK -0.091 ± 0.055
Amixpipi -0.571 ± 0.063 AmixKK 0.229 ± 0.059
Table 4.14: Results of the combined unbinned maximum likelihood fit to the samples
of Bd → π+π− and Bd → K+π− (second column) and Bs → K+K− and Bs →





In the previous chapter a first attempt to evaluate the effect of the background on
the extraction of the CP asymmetries by means of the maximum likelihood fit has
been performed (sections 4.4.2 and 4.5.1). In this chapter this effect will be better
evaluated and the systematical uncertainty associated to the measurement of the
asymmetries due to the presence of such a background will be considered. As far
as the contamination of each B0(s) → h+h′− event sample by the other hadronic
charmless decays is concerned, it has not been taken into account so far. This
kind of background, that will be referred to as specific cross-fed background, must
be treated very carefully as it is a potential source of bias on the measured CP
asymmetries. In the following sections also this source of background will be taken
into account and two different strategies to evaluate its effect on the extraction of
the CP asymmetries will be considered.
5.1 Combinatorial background
In the previous chapter, in sections 4.4.2 and 4.5.1, the effect of the combinatorial
background on the extraction of the CP asymmetries has been taken into account,
assuming the background to signal ratio quoted in [34]. However this result strongly
depends on the Monte Carlo reliability. Therefore the study of combinatorial back-
ground has to be repeated on real data, when they will be available, deriving from
side bands the invariant mass distribution shape for these events. For the moment
we are not able to find out a more reliable parametrization of background event
mass distribution. Anyhow we can estimate the uncertainty on our measurement of
CP asymmetries due to the lack of knowledge about combinatorial background.
To evaluate the effect of the combinatorial background contribution on the mea-
surement of the CP asymmetries, the maximum likelihood fit described in the pre-
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vious chapter has been repeated including an amount of background events twice
and half the nominal one respectively. The fit has been performed exactly as de-
scribed in sections 4.4.2 and 4.5.1. The results in the case of a double combina-
torial background contribution are listed in table 5.1, while the results in the case
of an half combinatorial background contribution are listed in table 5.2. In fig-
ure 5.1 and 5.2 the fits to the invariant mass distribution for the Bd → K+π−,
Bd → π+K−, Bd → π+π−, Bs → K+K−, Bs → π+K− and Bs → K+π− are shown,
in cases discussed above respectively. The values obtained are shown in figure 5.3
and figure 5.4 where they are compared with the asymmetries obtained with the
nominal background level. The fluctuations of the central values are well within the
statistical errors and any possible systematic effect is not significant at the present
level of precision.
5.2 Specific cross-fed background
Up to the present in this study the specific cross-fed background, i.e. the pollution
of each decay channel by the other B0(s) → h+h′− modes, has been neglected. This
approach is partly justified by the need to verify in a simple way the correctness of
the fit procedure and of the likelihood function parametrization. On the other hand,
one can always consider that exploiting the excellent particle identification capabili-
ties of LHCb, this kind of background can be kept under control at a negligible level
(see figure 3.8). However, this is possibly true only for decays to CP eigenstates
as, in these cases, the specific background is essentially due to hadron misidenti-
fication. In the case of flavour specific decays the cross-fed background is largely
irreducible since it is due mainly to the available mass resolution. This is especially
true when considering the Bs → π+K− decay channel. In this case in fact the
cross-fed background is particularly dangerous because the main part of it is repre-
sented by Bd → K+π− events, that are 16 times more abundant than Bs → π+K− .
Moreover this background component is not due to the misidentification of decay
products, hence there is no chance to further reduce it, not even cutting tighter on
the PID variables.
Due to the different nature of the specific background in the CP eigenstate decays
and in the flavour specific ones, to evaluate the effect of the cross-fed background in
the extraction of CP asymmetries it is not convenient to perform a simultaneous fit
to Bd → π+π−/Bd → K+π− and Bs → K+K−/Bs → π+K− samples of events. In
104
Bd parameter fit results Bs parameter fit result
AKpi -0.107 ± 0.005 ApiK 0.349 ± 0.030
∆ΓBd (ps
−1) 0.014 ± 0.014 ∆ΓBs (ps−1) 0.0633 ± 0.025
∆md (ps
−1) 0.506 ± 0.005 ∆ms (ps−1) 20.013 ± 0.012
Imλpipi -0.86 ± 0.22 ImλKK 0.26 ± 0.08
Reλpipi 1.24 ± 0.10 ReλKK 0.83 ± 0.08








NTotBd→K+pi− 135062 ± 442 NTotBs→pi+K− 134344 ± 366
NTotBd→pi+pi− 16275 ± 180 NTotBs→K+K− 31230 ± 177
δBd→K+pi− (ps
−1) 1.307 ± 0.004 δBs→pi+K− (ps−1) 1.305 ± 0.004
δBd→pi+pi− (ps
−1) 1.312 ± 0.004 δBs→K+K− (ps−1) 1.332 ± 0.012
ηBd→K+pi− (ps
−1) 0.995 ± 0.004 ηBs→pi+K− (ps−1) 0.992 ± 0.003
ηBd→pi+pi− (ps
−1) 0.988 ± 0.004 ηBs→K+K− (ps−1) 0.991 ± 0.010
µBd→K+pi− (c
2/GeV) 1.354 ± 0.012 µBs→pi+K− (c2/GeV) 1.371 ± 0.013
µBd→pi+pi− (c
2/GeV) 1.352 ± 0.013 µBs→K+K− (c2/GeV) 1.340 ± 0.037
m¯d (MeV/c
2) 5277.86 ± 0.10 m¯s (MeV/c2) 5368.40 ± 0.19
σmd1 (MeV/c
2) 18.82 ± 0.09 σms (MeV/c2) 10.01 ± 0.16
τd (ps) 1.494 ± 0.005 τs (ps) 1.414 ± 0.022
ωd 0.399 ± 0.003 ωs 0.38 ± 0.28
Adirpipi 0.389 ± 0.089 AdirKK -0.136 ± 0.073
Amixpipi -0.521 ± 0.081 AmixKK 0.299 ± 0.095
Table 5.1: Results of the combined unbinned maximum likelihood fit to the sam-
ple of events obtained including double of the nominal combinatorial background
contribution to the Bd → π+π− and Bd → K+π− signal events (second column)
and the Bs → K+K− and Bs → π+K− signal events (fourth column) surviving
the B0(s) → h+h′− selection.
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Bd parameter fit results Bs parameter fit result
AKpi -0.108 ± 0.004 ApiK 0.384 ± 0.020
∆ΓBd (ps
−1) 0.018 ± 0.013 ∆ΓBs (ps−1) 0.051 ± 0.022
∆md (ps
−1) 0.505 ± 0.004 ∆ms (ps−1) 20.015 ± 0.012
Imλpipi -0.95 ± 0.21 ImλKK 0.21 ± 0.05
Reλpipi 1.22 ± 0.09 ReλKK 0.89 ± 0.05








NTotBd→K+pi− 95622 ± 309 NTotBs→pi+K− 36756 ± 192
NTotBd→pi+pi− 46658 ± 216 NTotBs→K+K− 19596 ± 140
δBd→K+pi− (ps
−1) 1.315 ± 0.009 δBs→pi+K− (ps−1) 1.315 ± 0.008
δBd→pi+pi− (ps
−1) 1.301 ± 0.009 δBs→K+K− (ps−1) 1.332 ± 0.025
ηBd→K+pi− (ps
−1) 0.984 ± 0.007 ηBs→pi+K− (ps−1) 0.986 ± 0.007
ηBd→pi+pi− (ps
−1) 0.998 ± 0.007 ηBs→K+K− (ps−1) 0.978 ± 0.020
µBd→K+pi− (c
2/GeV) 1.351 ± 0.024 µBs→pi+K− (c2/GeV) 1.346 ± 0.025
µBd→pi+pi− (c
2/GeV) 1.374 ± 0.026 µBs→K+K− (c2/GeV) 1.45 ± 0.07
m¯d (MeV/c
2) 5277.86 ± 0.09 m¯s (MeV/c2) 5367.98 ± 0.17
σmd1 (MeV/c
2) 18.92 ± 0.07 σms (MeV/c2) 19.34 ± 0.15
τd (ps) 1.495 ± 0.005 τs (ps) 1.398 ± 0.019
ωd 0.399 ± 0.003 ωs 0.348 ± 0.19
Adirpipi 0.412 ± 0.075 AdirKK -0.093 ± 0.052
Amixpipi -0.559 ± 0.070 AmixKK 0.224 ± 0.058
Table 5.2: Results of the combined unbinned maximum likelihood fit to the sample
of events obtained including half of the nominal combinatorial background con-
tribution to the Bd → π+π− and Bd → K+π− signal events (second column)
and the Bs → K+K− and Bs → π+K− signal events (fourth column) surviving
the B0(s) → h+h′− selection.
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Figure 5.1: Fit to the invariant mass distributions of Bd → K+π− (top left), Bd →
π+K− (top right), Bd → π+π− (center left), Bs → K+K− (center right), Bs →
π+K− (bottom left) and Bs → K+π− (bottom right) signal events added with a
double amount of combinatorial background events.
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Figure 5.2: Fit to the invariant mass distributions of Bd → K+π− (top left), Bd →
π+K− (top right), Bd → π+π− (center left), Bs → K+K− (center right), Bs →
π+K− (bottom left) and Bs → K+π− (bottom right) signal events added with an
half amount of combinatorial background events.
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Figure 5.3: Values of Adirpipi (left) and A
mix
pipi (right) extracted with the maximum
likelihood fit as a function of the amount of the combinatorial background. The
amount considered (in the x-axis) are: 0, 50%, 100% and 200% of the events listed
in table 4.7.
bkg (%)

































Figure 5.4: Values of AdirKK (left) and A
mix
KK (right) extracted with the maximum
likelihood fit as a function of the amount of the combinatorial background. The




fact the nature of the specific cross-fed background affecting the CP eigenstate final
states is not the same as for the flavour specific final states. In the former decay
the specific background arises from particle misidentification, while in the latter de-
cays the main source of specific background is not related to particle identification.
For this reason it is not convenient to fit together decays to flavour specific final
states and decays to CP eigenstate final states, as made up to now. Moreover in
the previous chapter we have pointed out that the simultaneous fit and the separate
fit can be considered as equivalent procedures. Therefore, the strategy exploited
hereafter is the following: first, the mistag probabilities ωd and ωs are extracted
from decays to flavour specific final states, Bd → K+π− and Bs → π+K−; then the
CP asymmetries are extracted by performing two separate maximum likelihood fits
to the Bd → π+π− and Bs → K+K− samples of events.
5.2.1 Measurement of ωd and ωs from Bd → K+π− and Bs →
π+K− samples of events
As far as the fit to the samples of events with flavour specific final states, Bd →
K+π− and Bs → π+K−, is concerned, we can see from figure 3.8 that the Bs →
π+K− events are the main source of specific background for Bd → K+π− decay,
while the other cross-fed background components are negligible compared to it.
The same statement stands for Bd → K+π− as specific background contribution
for Bs → π+K−. This suggests the convenience of performing a combined fit to
the Bd → K+π− ans Bs → π+K− samples of events in order to measure simultane-
ously the two mistag probabilities ωd and ωs. The sample of events considered for
this fit corresponds to the events listed in the central column of table 4.1. The com-
binatorial background events are generated with a “toy” Monte Carlo, as described
in sections 4.4.2 and 4.5.1.
To ease the fit convergence, ∆ΓBd , ∆ΓBs , ∆md and ∆ms have been fixed to
their generation values. This is expected to not affect the fit results since these
parameters are very weakly correlated to the others. In addition the combinatorial
background parameters have been fixed to the values found in the fit to signal and
combinatorial background events, listed in tables 4.8 and 4.8. Finally, as done in
the fits described in sections 4.4.2 and 4.5.1, the mean and the resolution of the
gaussian for the mass distribution tails G tail and the relative normalization of the
two gaussians G tail and G core have been fixed to the values listed in table 4.2,
while the proper time resolution and acceptance parameters have been fixed to the
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values listed in tables 3.12 and 3.13. Therefore the parameters to be determined in
this fit are:
• the charge asymmetry for Bd → K+π−, ApiK
• the charge asymmetry for Bs → π+K−, AKpi
• the number of Bd → K+π− signal events, NSigBd→K+pi−
• the number of Bs → π+K− signal events, NSigBs→pi+K−
• the number of Bd → K+π− signal plus background events, NTotBd→K+pi−
• the number of Bs → π+K− signal plus background events, NTotBs→pi+K−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the mean m¯s of the gaussian G core for the Bs mass distribution
• the common mass resolution parameter σm for the gaussian G tail
• the Bd meson lifetime τd
• the Bs meson lifetime τs
• the wrong tag fraction for Bd, ωd
• the wrong tag fraction for Bs, ωs
In table 5.3 the fit results are shown.
5.2.2 Measurement of Adirpipi and A
mix
pipi in presence of specific
background
As far as Bd → π+π− is concerned all the specific cross-fed background arises from
particle misidentification. In figure 3.8 (top left) we can see that the only effective
component of such a background is represented by Bd → K+π− events, where the
kaon has been misidentified as a pion. We can try to reduce the amount of such
a background by performing the fit only for values of invariant mass greater than
a given threshold value. We have chosen to fix this threshold to 5240 MeV/c2, in
order to reject almost half of the specific background events, as shown in figure 5.5.
The fit has been performed on the sample of events obtained by adding to
the Bd → π+π− signal events surviving the B0(s) → h+h′− selection, the com-




AKpi -0.107 ± 0.004
ApiK 0.313 ± 0.022
NSigBd→K+pi− 61100 ± 276
NSigBs→pi+K− 4924 ± 112
NTotBd→K+pi− 129206 ± 359
NTotBs→pi+K− 72094 ± 268
m¯d (MeV/c




2) 19.28 ± 0.09
τd (ps) 1.474 ± 0.006
τs (ps) 1.402 ± 0.024
ωd 0.398 ± 0.003
ωs 0.360 ± 0.002
Table 5.3: Results of the combined unbinned maximum likelihood fit to the sam-
ple of events composed by Bd → K+π− and Bs → π+K− signal events surviving
the B0(s) → h+h′− selection and the combinatorial background events.
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-pi p → bΛ
 invariant masspipi →dB
Figure 5.5: Invariant mass distributions for every B0(s) → h+h′− event sample after
selection, with the cut mpipi > 5240 MeV/c
2.
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in section 4.4.2, and the specific cross-fed background events coming from all the
other B0(s) → h+h′− modes, from the full GEANT simulation, listed in the second
column of table 4.1. As done in the fit described in sections 4.4.2, the mean and
the resolution of the gaussian for the mass distribution tails G tail and the relative
normalization of the two gaussians G tail and G core have been fixed in the fit to
the values listed in table 4.2, while the proper time resolution and acceptance pa-
rameters have been fixed to the values listed in tables 3.12 and 3.13. Moreover the
∆ΓBd has been fixed to its generation value, ∆ΓBd = 0. Hence the parameters to




• the number of Bd → π+π− signal events, NSigBd→pi+pi−
• the number of Bd → π+π− signal plus background events, NTotBd→pi+pi−
• the combinatorial background proper time p.d.f.parameter δBd→pi+pi−
• the combinatorial background proper time p.d.f.parameter ηBd→pi+pi−
• the combinatorial background invariant mass p.d.f. parameter µBd→pi+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
• the Bd meson lifetime τd
The fit results are listed in table 5.4, while in figure 5.6 the fit to the invariant
mass distribution is shown. The results for CP asymmetries Adirpipi and A
mix
pipi are in
agreement with their generation values, listed in the first row of table 3.3, within
one and two sigmas respectively. Anyway a shift of the central values of the asym-
metries due to the presence of the cross-fed background events is noticed. To get a
deeper understanding of what is the effect of the combinatorial background, the CP
asymmetries have been fitted varying the amount of selected background event. The
results are shown in figure 5.7 on the extraction of the CP asymmetries, where the
central value of Adirpipi and A
mix
pipi as a function of the amount of the specific cross-fed
background included in the fit is shown. In the figure it is clearly visible that the
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results for Adirpipi and A
mix
pipi are biased towards smaller and larger values respectively
by the presence of specific background events. The bias can be qualitatively un-
derstood by comparing the different shapes of time dependent CP asymmetries for
the CP eigenstate and flavour specific decays (eq. 1.43, 1.47, 1.53 and 1.53) and
taking into account that the experimentally observed decay rates for the decays to
CP eigenstate include also the contribution from the flavour specific background.
Parameter Fit result
∆md (ps
−1) 0.506 ± 0.005
Imλpipi -0.78 ± 0.17
Reλpipi 1.17 ± 0.08
NSigBd→pi+pi− 16041 ± 188
NTotBd→pi+pi− 42635 ± 206
δBd→pi+pi− (ps
−1) 1.468 ± 0.009
ηBd→pi+pi− (ps
−1) 0.935 ± 0.007
µBd→pi+pi− (c
2/GeV) 1.333 ± 0.067
m¯d (MeV/c
2) 5276.07 ± 0.25
σmd (MeV/c
2) 19.52 ± 0.07
τBd (ps) 1.515 ± 0.008
Adirpipi 0.331 ± 0.079
Amixpipi -0.525 ± 0.070
Table 5.4: Results of the unbinned maximum likelihood fit to the sample of events
obtained by adding the combinatorial background events, generated with a “toy”
Monte Carlo, and the specific cross-fed background events from all the other B0(s) →
h+h′− modes to the Bd → π+π− signal events surviving the selection.
The proper way to manage in the fit this source of background events is to
parametrize the mass and proper time distributions for such events and to build
up a new likelihood for this samples of events, to be included in the global likeli-
hood. Moreover, to take into account all the correlations between the various decay
channels, it could be suitable to perform a global simultaneous fit, including all
the B0(s) → h+h′− modes and applying an unified selection. In this way the PID
information will be exploited only in the fit rather than in the selection of events.
This approach is being actively pursued in LHCb and has already been attempted by
the CDF collaboration [77]. The price to pay is a much more complicated fit with a
large number of highly correlated parameters. In addition, a correct parametrization
of the PID is far from obvious and should be thoroughly studied using suitable data
control samples. A brief discussion on this subject has been given in section 3.6.1.
On the other hand, to keep the fit as easy as we have seen up to now, we can try
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Figure 5.6: Fit to the invariant mass distributions of Bd → π+π− signal events
surviving the B0(s) → h+h′− selection, added to the combinatorial background events,
generated with a “toy” Monte Carlo, and the specific cross-fed background events
from all the others B0(s) → h+h′− modes.
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Figure 5.7: Values of Adirpipi (left) and A
mix
pipi (right) extracted with the maximum
likelihood fit as a function of the amount of the specific cross-fed background. The
amount considered (in the x-axis) are: 0, 25%, 50%, 75%, 90% and 100% of the
events listed in the second column of table 4.1.
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to reduce the specific background to signal ratio by cutting more severely on the
PID, while keeping the same likelihood function. In figure 5.8 the ∆lnLKpi for one
of the two Bd decay products is shown for Bd → π+π− signal events and for their
main source of specific background events, i.e. Bd → K+π− events with the kaon
misidentified as a pion. The standard criterion to select pions is ∆lnLKpi < −2
(see section 3.6.1). If we request the most severe criterion ∆lnLKpi < −6 to be
satisfied in order to select pions, we observe a loss of signal events of about 23%
against a reduction of specific background events of about 58%, that reaches 64%
within the signal mass window, i.e (5229-5329) MeV/c2. In table 5.5 the number
of tagged events of each B0(s) → h+h′− decay modes surviving the Bd → π+π− se-
lection with the tighter cut on the pion identification are listed, while in figure 5.9
the invariant mass distribution for Bd → π+π− signal events and for the cross-fed
background events obtained with the tighter pion selection criterion is shown. The
specific background to signal ratio, quoted in section 3.7 to be (B/S)spec = 0.08,
becomes so (B/S)spec = 0.04, indicating a much clean sample of Bd → π+π− events.
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Figure 5.8: ∆lnLKpi distribution for one of the two Bd decay products for Bd →
π+π− signal events (red) and for Bd → K+π− events with a kaon misidentified as a
pion (red).
The maximum likelihood fit can now be performed including the specific back-
ground, without any particular ad hoc parametrization and neglecting its effect. The
combinatorial background is added in the usual way, by making the conservative as-
sumption that with the new tighter selection cuts it scales just like the number of
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MC sample events
Bd → π+π− 12973
Bd → K+π− 900
Bs → π+K− 3
Bs → K+K− 54
Λb → pπ− 54
Λb → pK− 0
Table 5.5: Number of tagged events for each sample (rows) surviving the Bd →
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-pi p → bΛ
 invariant masspipi →dB
Figure 5.9: Invariant mass distribution for signal Bd → π+π− events and the specific




signal events. This assumption can be justified considering that the selection of com-
binatorial background events depends mainly on accidental vertex reconstructions
and only weakly on particle identification.
The maximum likelihood fit has been performed on the whole mass range, i.e.
(4900-5700) MeV/c2, in the usual way: the mean and the resolution of the gaussian
G tail and and the relative normalization of G tail and G core have been fixed in the
fit to the values listed in table 4.2, while the proper time resolution and acceptance
parameters have been fixed to the values listed in tables 3.12 and 3.13. Moreover
the ∆ΓBd has been fixed to its generation value, ∆ΓBd = 0. Hence the parameters




• the number of Bd → π+π− signal events, NSigBd→pi+pi−
• the number of Bd → π+π− signal plus background events, NTotBd→pi+pi−
• the combinatorial background proper time p.d.f.parameter δBd→pi+pi−
• the combinatorial background proper time p.d.f.parameter ηBd→pi+pi−
• the combinatorial background invariant mass p.d.f. parameter µBd→pi+pi−
• the mean m¯d of the gaussian G core for the Bd mass distribution
• the resolution σmd of the gaussian G core for the Bd mass distribution
• the Bd meson lifetime τd
The fit results are listed in table 5.6, while in figure 5.10 the fit to the invariant
mass distribution is shown. The values found in the fit for the CP asymmetries are in
perfect agreement with their generation values. Since the statistics available for the
fit after applying the tighter cut for the pion selection is lower, there is an increase
of the statistical uncertainty. This is the price to pay to achieve a strong reduction
of the systematical uncertainty coming from the presence of a not negligible amount
of specific cross-fed background. However the statistical uncertainty will of course
decrease when more statistics will be available for the analysis. As an example
when a statistics of 2 fb−1, corresponding to about one year of LHCb data taking
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at its nominal luminosity, will be available, the statistical uncertainty on Adirpipi and
Amixpipi will reduce from 22.4% to 13.7% and from 13.5% to 8.3% respectively. Whene
10 fb−1 of statistics will be available the statistical errors will further reduce to
about 6% and 3.7%. At this level of precision, however, the approach followed here
to neglect the specific background is no more justified and a more sophysticated
ananlysis must be envisaged.
Parameter Fit result
∆md (ps
−1) 0.506 ± 0.005
Imλpipi -1.00 ± 0.25
Reλpipi 1.16 ± 0.16
NSigBd→pi+pi− 12945 ± 150
NTotBd→pi+pi− 63610 ± 252
δBd→pi+pi− (ps
−1) 1.445 ± 0.006
ηBd→pi+pi− (ps
−1) 0.941 ± 0.005
µBd→pi+pi− (c
2/GeV) 1.368 ± 0.020
m¯d (MeV/c
2) 5276.09 ± 0.26
σmd (MeV/c
2) 19.47 ± 0.25
τBd (ps) 1.520 ± 0.008
Adirpipi 0.402 ± 0.090
Amixpipi -0.600 ± 0.081
Table 5.6: Results of the unbinned maximum likelihood fit to the sample of events
obtained by adding to the Bd → π+π− signal events and the specific cross-fed back-
ground events, selected with the tighter cut on PID, the corresponding combinatorial
background events, generated with a “toy” Monte Carlo.
5.2.3 Measurement of AdirKK and A
mix
KK in presence of specific
background
As far as Bs → K+K− is concerned, the main source of specific cross-fed background
are the Bd → K+π− events, with the pion misidentified as a kaon, as can been seen
in figure 3.8. Due to the mass difference between Bd and Bs, the background events
are shifted on the low side of the invariant Bs mass distribution, almost outside the
signal mass window. Therefore, following the procedure outlined in section 5.2.2, the
fit can be performed on the high mass side only, removing the mass distribution peak
for specific background events. We have chosen to consider in the fit only events
with invariant mass greater than 5345 MeV/c2. In fact, as shown in figure 5.11, only
a very little amount of specific background events is found within this mass range.
119
Background studies
Figure 5.10: Fit to the invariant mass distributions of the sample of events obtained
by adding to the Bd → π+π− signal events and the specific cross-fed background
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-pi p → bΛ
 K K invariant mass→sB
Figure 5.11: Invariant mass distributions for every B0(s) → h+h′− event sample
surviving the selection, with the cut mKK > 5345 MeV/c
2.
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An unbinned maximum likelihood fit has then been performed on the sample of
events obtained by adding to the Bs → K+K− signal events surviving the selection,
the combinatorial background events generated with a “toy” Monte Carlo and the
specific cross-fed background events coming from all the others B0(s) → h+h′− modes,
listed in the last column of table 4.1. As done in the fit described in section 4.5.1,
the mean and the resolution of the gaussian G tail and the relative normalization
of the two gaussians G tail and G core have been fixed in the fit to the values
listed in table 4.2, while the proper time resolution and acceptance parameters have
been fixed to the values listed in tables 3.12 and 3.13. Hence the parameters to be





• the number of Bs → K+K− signal events, NSigBs→K+K−
• the number of Bs → K+K− signal plus background events, NTotBs→K+K−
• the combinatorial background proper time p.d.f.parameter δBs→K+K−
• the combinatorial background proper time p.d.f.parameter ηBs→K+K−
• the combinatorial background invariant mass p.d.f. parameter µBs→K+K−
• the mean m¯s of the gaussian G core for the Bs mass distribution
• the resolution σms of the gaussian G core for the Bs mass distribution
• the Bs meson lifetime τs
The fit results are listed in table 5.7, while in figure 5.12 the fit to the invari-
ant mass distribution is shown. The results found for the CP asymmetries are in
agreement within one sigma with their generation values, listed in the second row of
table 3.3. Again the fit has been repeated with different amounts of specific back-
ground events to look for any possible bias. Anyway within the error a small shift of
the central value toward smaller and bigger values for Adirpipi and A
mix
pipi respectively can
be noticed, that can not be attributed to the presence of the specific background. In
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fact here the effect of the specific cross-fed background is much weaker than in the
case of Bd → π+π−. The results are shown in figure 5.13, where the central values
of AdirKK and A
mix
KK as a function of the amount of the specific background included
in the fit are displayed. As expected, given the small residual background in the fit
window, no evident bias is seen.
Parameter Fit result
∆Γbs (ps
−1) 0.057 ± 0.039
∆ms (ps−1) 20.015 ± 0.012
ImλKK 0.26 ± 0.06
ReλKK 0.887 ± 0.06
NSigBs→K+K− 13332 ± 138
NTotBs→K+K− 16786 ± 130
δBs→K+K− (ps
−1) 1.433 ± 0.027
ηBs→K+K− (ps
−1) 0.909 ± 0.021
µBs→K+K− (c
2/GeV) 2.96 ± 0.48
m¯s (MeV/c
2) 5368.65 ± 0.27
σms (MeV/c
2) 19.52 ± 0.07
τBs (ps) 1.416 ± 0.037
AdirKK -0.078 ± 0.060
AmixKK 0.284 ± 0.060
Table 5.7: Results of the unbinned maximum likelihood fit to the sample of events
obtained by adding the combinatorial background events, generated with a “toy”
Monte Carlo, and the specific cross-fed background events from all the others B0(s) →
h+h′− modes to the Bs → K+K− signal events surviving the selection.
In the case of the fit to the Bd → π+π− we have pointed out that the proper
strategy to follow to extract the CP asymmetries is rejecting further specific back-
ground events by means of the particle identification, and then perform the fit on
the clearer sample of events obtained, in the whole mass range. Now we want to
follow the same approach to extract AdirKK and A
mix
KK.
The standard kaon selection criteria is given by ∆lnLKpi > 2 and ∆lnLKp > −2.
Since the main source of specific cross-fed background for Bs → K+K− is repre-
sented by Bd → K+π−, we need to reduce the misidentification of pions as kaons.
Hence we only need to tighten the cut on ∆lnLKpi, whose distribution is shown
in figure 5.14 for Bs → K+K− signal events and for Bd → K+π− specific back-
ground events. If we choose the most severe kaon selection criterion ∆lnLKpi > 6,
we get a loss of signal events of about 23% against a reduction of specific back-
ground events of about 62%, that reaches 65% within the signal mass window,
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Figure 5.12: Fit to the invariant mass distributions of Bs → K+K− signal events
surviving the B0(s) → h+h′− selection, added to the combinatorial background events,
generated with a “toy” Monte Carlo, and the specific cross-fed background events
from all the others B0(s) → h+h′− modes.
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Figure 5.13: Values of AdirKK and A
mix
KK extracted with the maximum likelihood fit as a
function of the amount of the specific cross-fed background. The amount considered
(in the x-axis) are: 0, 25%, 50%, 75%, 90% and 100% of the events listed in the last
column of table 4.1.
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i.e (5319-5419) MeV/c2. This means that the specific background to signal ratio,
quoted in section 3.7 to be (B/S)spec = 0.08, becomes so (B/S)spec = 0.04. In
table 5.8 the number of tagged events of each B0(s) → h+h′− decay modes surviving
the Bs → K+K− selection with the tighter cut on the kaon identification are listed,
while in figure 5.15 the invariant mass distribution for Bs → K+K− signal events
and for the cross-fed background events obtained is shown.
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Figure 5.14: ∆lnLKpi distribution for one of the two Bs decay products for Bs →
K+K− signal events (blue) and for Bd → K+π− events with a pion misidentified as
a kaon (light blue).
MC sample events
Bd → π+π− 0
Bd → K+π− 753
Bs → π+K− 45
Bs → K+K− 12135
Λb → pπ− 2
Λb → pK− 439
Table 5.8: Number of tagged events for each sample (rows) surviving the Bs →
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-pi p → bΛ
 K K invariant mass→sB
Figure 5.15: Invariant mass distribution for signal Bs → K+K− events and the
specific cross-fed background events from all the other B0(s) → h+h′− channels, with
the tighter PID selection.
Assuming again that with the new tighter PID selection cut the number of com-
binatorial background events scales just like the number of signal events, we can now
perform the maximum likelihood fit on the sample of signal Bs → K+K− events,
combinatorial background events and specific background events from all the otherB0(s) →
h+h′− decay channels, selected with the tighter kaon selection. The fit as been per-
formed, as usual, fixing the mean and the resolution of the gaussian G tail and the
relative normalization of G tail and G core to the values listed in table 4.2 and the
proper time resolution and acceptance parameters to the values listed in tables 3.12





• the number of Bs → K+K− signal events, NSigBs→K+K−
• the number of Bs → K+K− signal plus background events, NTotBs→K+K−
• the combinatorial background proper time p.d.f.parameter δBs→K+K−
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• the combinatorial background proper time p.d.f.parameter ηBs→K+K−
• the combinatorial background invariant mass p.d.f. parameter µBs→K+K−
• the mean m¯s of the gaussian G core for the Bs mass distribution
• the resolution σms of the gaussian G core for the Bs mass distribution
• the Bs meson lifetime τs
The fit results are listed in table 5.9, while in figure 5.16 the fit to the invari-
ant mass distribution is shown. The values found for the CP asymmetries are in
perfect agreement with their generation values. The statistical uncertainty on these
measurements is only slightly increased due to the loss of statistics and in any case
it would be reduced once a larger statistics will be available for the analysis. As an
example, increasing the statistics from 0.75 fb−1 of the present analysis to 2 fb−1,
the statistical error on AdirKK will reduce from 61.2% to about 37.4% , while the
statistical error on AmixKK will reduce from 24.6% to about 15%, while incresing the
statistics up to 10 fb−1 the statistical uncertainty will further reduce to about 17%
and 7%, respectively. However, as already said in the for the fit to the Bd → π+π− ,
at this level of precision a more sophysticated analysis must be envisaged.
Parameter Fit result
∆Γbs (ps
−1) 0.048 ± 0.039
∆ms (ps−1) 20.015 ± 0.012
ImλKK 0.23 ± 0.07
ReλKK 0.87 ± 0.06
NSigBs→K+K− 12410 ± 119
NTotBs→K+K− 19452 ± 139
δBs→K+K− (ps




2/GeV) 1.12 ± 0.05
m¯s (MeV/c
2) 5368.03 ± 0.22
σms (MeV/c
2) 19.51 ± 0.19
τBs (ps) 1.415 ± 0.038
AdirKK -0.103 ± 0.063
AmixKK 0.256 ± 0.063
Table 5.9: Results of the unbinned maximum likelihood fit to the sample of events
obtained by adding to the Bs → K+K− signal events and the specific cross-fed
background events, selected with the tighter cut on the kaon PID, the corresponding
combinatorial background events, generated with a “toy” Monte Carlo.
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Figure 5.16: Fit to the invariant mass distribution of the sample of events obtained
by adding to the Bs → K+K− signal events and the specific cross-fed background




The subject of the present work is the study of the non-leptonic B meson decays
into charged charmless two-body final states and in particular the measurement of
the CP asymmetries in the Bd → π+π− and the Bs → K+K− decays at the LHCb
experiment. LHCb will provide very important information about these asymmetries
even after few months of data taking, thanks to the large beauty production cross
section at the LHC expected around 500 µb, and to excellent vertexing, triggering
and particle identification capabilities of the detector.
Up to now in LHCb studies of the extraction of CP asymmetries in this class of
decays have been performed only on “toy” Monte Carlo events. The present work
represents therefore the first attempt to carry out the whole procedure to measure
the asymmetries on Monte Carlo events obtained with a full GEANT simulation,
generated simulating the CP violation and reconstructed using realistic pattern
recognition algorithms.
The CP asymmetries have been extracted by means of an unbinned maximum
likelihood fit to the samples of Bd → π+π− and Bs → K+K− events surviving
the selection, corresponding to 0.75 fb−1 of LHCb integrated luminosity. In or-
der to extract from data the mistag probabilities for Bd and Bs to be used as
input in these fits, the two samples of Bd and Bs decays into flavour specific fi-
nal states Bd → K+π− and Bs → π+K− have been exploited. In both cases a
global likelihood function has been built up starting from the experimental time
dependent decay rates and the p.d.f.s for the different observables, derived from
their experimental distributions. Both single fits to each sample and a combined fit
to Bd → K+π−/Bd → π+π− and Bs → π+K−/Bs → K+K− have been performed
and the two procedures have been proved to be equivalent. In fact in both cases the
values found for the CP asymmetries agree within the statistical error with their
generation values.
A study of the proper time resolution modelization has been also performed. In
particular the appropriateness to exploit a simplified single gaussian model or a more
complex event per event model for the proper time resolution has been evaluated.
Anyhow at the present statistical level neither the Bd fit nor the Bs fit are found
to be sensitive to these different proper time modelizations. This should be further
investigated when more statistics will be available.
As a final step, the effect of the background in the extraction of the CP asym-
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metries has been considered. The two main sources, combinatorial and specific
cross-fed background, have been taken into account. The combinatorial background
has been simulated with a fast “toy” Monte Carlo due to the lack of fully simu-
lated bb¯-inclusive events. The maximum likelihood fit has been repeated including
different amounts of such background to spot any systematic effect due to its inaccu-
rate estimation. The observed fluctuations of the central CP asymmetry values are
well within the statistical errors and any possible systematic effect is not significant
at the present level of precision.
On the other hand, as far as the specific cross-fed background is concerned, it has
been studied exploiting all the samples of B0(s) → h+h′− Monte Carlo events from the
full LHCb simulation, including also the samples of Λb → pπ− and Λb → pK− events,
again corresponding to 0.75 fb−1 of LHCb integrated luminosity. To take into
account the cross-fed background for the flavour specific channels, which is mainly
due to the achievable mass resolution, a combined fit to the Bd → K+π− and Bs →
π+K− have been performed in order to extract the mistag probabilities taking into
account the mutual contamination. In the Bd → π+π− and Bs → K+K− decays, on
the other hand, the specific background is mainly due to particle misidentification
and is dominated by Bd → K+π− decays. Therefore two maximum likelihood fits
to the Bd → π+π− and Bs → K+K− samples of events alone have been performed
to extract the CP asymmetries. Two strategies have been considered for these
fits. In the first one the fit has been performed only for events with invariant mass
greater than a given threshold value in the attempt to discard as much specific
background as possible. In the case of Bd → π+π−, however, it is not possible to
obtain a sample of events clean enough and the results for the direct and mixing
induced asymmetries are found to be biased. Therefore a second strategy has been
conceived, which consists in applying severe cuts on the identification of pions and
kaons. In particular choosing tighter pion and kaon selection criteria in the case
of Bd → π+π− and Bs → K+K− respectively, a reduction of the specific background
by 60% or more can be achieved, with a signal loss of only 23%. The maximum
likelihood fit has been repeated on the Bd → π+π− and Bs → K+K− cleaner
samples of events. The final results of the two fits are:
Adirpipi = 0.402± 0.090 , Amixpipi = −0.600± 0.081
AdirKK = −0.103± 0.063 , AmixKK = 0.256± 0.063
The obtained statistical errors are rather large but the results are not affected by
large systematic effects. This shows that the analysis carried out in this work is
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sound and can be exploited to get significant measurements of the CP asymmetries
even with an initially limited statistics.
Outlook
As discussed several times before, no attempt to study in details all the possible
sources of systematic errors has been performed in the present analysis due to the
large statistical errors involved. This is a very important subject that will have
to be addressed in the next future, when both a larger amount of simulated data
and, eventually, the collected data statistics will be large enough so that systematic
effects will inevitably emerge.
Many sources of systematic errors can be considered, affecting the various stages
of the ananlysis. They can be roughly grouped in broad categories and can be
studied by suitable event control samples.
• reconstruction and selection: errors coming from wrong or rough detector
alignment, track reconstruction, particle identification, tagging performance
etc. will affect the experimental distributions and may introduce biases and
other kinds of systematic effects.
• probability density functions and likelihood functions: the proper parametriza-
tion of the experimental distributions is clearly a very delicate issue. A wrong
choice of the parameters or different possible approaches to the fitting proce-
dure may lead to sizable different results and translate on systematic uncer-
tainties.
• background: proper handling of the various sources of background is far from
obvious as we have discussed thoroughly in this work. This problem can
be addressed in several ways, following for example the approach given in
this work or, alternatively, by attempting a combined fit of all the B0(s) →
h+h′− channels together.
• all other sources of systematic errors like for example theoretical or experi-
mental errors on all the assumed experimental inputs to the fits.
The evaluation of all these systematic errors will have to rely as much as pos-
sible on real data and several control decay channels are already actively studied
within LHCb. As discussed in section 1.4.1 the measurement of the CP asymme-
tries in the B0(s) → h+h′− decays can be exploited to measure the angle γ and to
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test the amount of the SU(3) symmetry breaking hypothesized for these channels.
This spawns another broad analysis subject that will be pursued when data will
be available. In conclusion, the study of B0(s) → h+h′− channels is a very rich and
interesting field of analysis involving several key topics of LHCb physics. This work
will possibly give an important contribution to the understanding of this subject.
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